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ABSTRACT

Steel containments and liners in nuclear power plants may be exposed to aggressive environments that
may cause their strength and stiffness to decrease during the plant service life. Among the factors recognized
as having the potential to cause structural deterioration are uniform, pitting or crevice corrosion; fatigue,
including crack initiation and propagation to fracture; elevated temperature; and irradiation. The evaluation
of steel containments and liners for continued service must provide assurance that they are able to withstand
future extreme loads during the service period with a level of reliability that is sufficient for public safety.
Rational methodologies to provide such assurances can be developed using modern structural reliability
analysis principles that take uncertainties in loading, strength, and degradation resulting from environmental
factors into account,

The research described in this report is in support of the Steel Containments and Liners Program being
conducted for the U.S. Nuclear Regulatory Commission by the Oak Ridge National Laboratory. The research
demonstrates the feasibility of using reliability analysis as a tool for performing condition assessments and
service life predictions of steel containments and liners. Mathematical models that describe time-dependent
changes in steel due to aggressive environmental factors are identified, and statistical data supporting the use
of these models in time-dependent reliability analysis are summarized. The analysis of steel containment
fragility is described, and simple illustrations of the impact on reliability of structural degradation are provided.
The role of nondestructive evaluation in time-dependent reliability analysis, both in terms of defect detection
and sizing, is examined. A Markov model provides a tool for accounting for time-dependent changes in
damage condition of a structural component or system.
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EXECUTIVE SUMMARY

Steel containments and liners in nuclear power plants (NPPs) may be exposed to aggressive
environmental effects that may cause their strength and stiffness to decrease during the plant service life.
Among the effects recognized as having the potential to cause structural deterioration are uniform, pitting or
crevice corrosion; fatigue, including crack initiation and propagation to fracture; and elevated temperatures
and irradiation. Such structural aging effects are well-recognized, at least qualitatively, in civil construction:
bridges and highways, offshore structures, navigatior. infrastructure, and power plants. Although quantitative
evaluation of aging effects on structural behavior is possible in some areas, it remains novel in most others,
In particular, the evaluation of steel containments and liners in NPPs for continued service must provide
assurance that they are able to withstand future extreme loads during a service period with an acceptable level
of reliability. Rational methodologies to provide this assurance can be developed using modern structural
reliability analysis principles that take uncertainties in loading, strength and degradation resulting from the
above environmental effects into acco.nt.

The research described ia this report supports the Steel Containments and Liners Program being
conducted for the U.S. Nuclear Regulatory Commission by Oak Ridge National Laboratory. The goals of the
research are to identify mathematical models from principles of mechanics to evaluate structural degradation;
to recommend statistically-based sampling plans for nondestructive evaluation (NDE) of complex structures;
and to identify methods to assess the probability that containment or liner capacity has not degraded, or will
not degrade during a future service period. Section 2 reviews pertinent degradation mechanisms and associated
statistical data, and proposes analytical methods for their treatment in condition assessment. Section 3
identifies common NDE techniques, with specific regard to their usefulness in time-dependent reliability
analysis, flaw detection and measurement. Section 4 develops fundamental probabilistic methods for analyzing
time-dependent reliability of steel containments and liners, emphasizing corrosion and fatigue effects, and
illustrates their application for simple idealized structures. Section 5 discusses the role of in-service inspection,
NDE and maintenance in reliability assurance and risk management. Section 6 presents a Markov model for
tracking the evolution of damage in a structure throughout its service life, making provision for the role of
periodic in-service inspection and maintenance on time-dependent reliability. ~ Section 7 presents
recommendations for further work. A comprehensive bibliography on time-dependent relaiblity analysis, with
particular emphasis on reliability under conditions of corrosion and/or fatigue, concludes the report.

The first phase of this research has de... nstrated the feasibility of using reliability analysis as a tool
for performing condition assessments, evaluations of existing margins of safety, and service life predictions
of steel containments and liners. Supporting statistical data and a demonstration of the application of the
methodology to more complex structures are planned for the next phase of the research.
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1. INTRODUCTION
1.1 Background

Structural components and systems age during their service lives due to naturally occurring changes
in material characteristics that may be initiated or accelerated by a particular service environment or extreme
environmental conditions. Some of these changes have a relatively benign impact on structural strength or
stiffness, while others may cause structural integrity to degrade over time. The potential for such changes to
increase the hazard to public health and safety must be considered when evaluating an existing structure for
continued service, particularly when the performance requirements may be different from those for which it
was originally designed. Structural aging is a phenomenon that is well recognized, at least qualitatively, in
civil construction: in bridges and highways, offshore structures, navigation infrastructure, and power plants.
Quantitative evaluation of the structural impact of aging is possible in some areas but remains novel in most
others. Research on structural aging is required to enhance or develop quantitative technical bases to support
decisions regarding service life extensions.

Nuclear power plants (NPPs) have been operated safely in the United States according to regulations
in Part 50 of Title 10 ("Energy") of the Code of Federal Regulations for many years, some for more than two
decades. If these older plants were to be removed from service due to perceived structural aging effects, many
utilities would suffer severe financial losses from decommissioning costs and the need to replace lost electric
generating capacity. Many thermal or hydroelectric power plants continue to operate safely and economically
for periods well in excess of their original design life. The design and operation of NPPs is highly regulated,
and their safety record is exemplary, suggesting that service life extensions might be contemplated for nuclear
plants as well.

Issues of managing aging in NPPs, evaluating service life extension, and associated safety issues have
been a major research focus of the U.S. Nuclear Regulatory Commission for several years (Vora, et al, 1991,
Shah and McDonald, 1989; Shah, et al, 1994). The research gencrally is following a five-step approach: (1)
Identify and prioritize major components; (2) Identify degradation sites; (3) Assess advanced
inspection/monitoring techniques; (4) Develop aging management approaches; and (5) Support development
of a technical basis for aging management. To date, the focus of the program has been on replaceable
mechanical and electrical components, for which aging issues often are believed to be most significant. The
recently completed Structural Aging Program (Naus, et al, 1993; 1996) provides a methodology for condition
assessment and reliability-based life prediction for concrete structures in NPPs. Little work has been done to
dste on the impact of aging on steel structures in NPPs.

Steel structures in NPPs are designed and constructed to withstand numerous operating and extreme
environmental conditions and design-basis accident events (Standard Review Plan, 1981). Although major
mechanical and electrical equipment items in a nuclear plant usually can be replaced, replacement or major
repairs of the containment or other major steel structures are economically unfeasible. Evidence to support
any proposed service life extension for a NPP must show that the capacity of the containment, containment
liner and other safety-related steel structures in the plant to withstand extreme events has not deteriorated due
to aging to the point where public health and safety are endangered. Current requirements for condition
assessment and continued service evaluations are provided in Appendix J of 10CFRS50.

Steel is a dimensionally and chemically stable material in a benign environment. However, the
strength and stiffness properties of steel structures may degrade over time in hostile service environments from
corrosion, metallic fatigue or crack propagation (especially in welds), or metallurgical changes in the steel.
Such degradation mechanisms may arise from mechanical or thermal loads from service or extreme
environmental loads, particularly those causing cyclic inelastic deformations, thermal gradients or cycling,
aggressive chemical attack and irradiation. Operation at elevated temperatures tends to accelerate the
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degradation processes. Moreover, operation at prolonged elevated temperatures can lead to synergistic effects
and accelerated damage (e.g. between creep and fatigue damage) that might not be apparent at lower
temperatures (Jaske, 1987). Steel structures that function in an aggressive environment require occasional
inspection and maintenance or repair to maintain their performance and reliability at an acceptable level (e.g.,
Banon, 1994b).

An evaluation of the reliability of a steel containment or liner for a period of continued service
requires, first of all, a knowledge of its initial design and construction. Challenges to its strength from its
service history also must be taken into account. The condition assessment and damage analysis methodologies
must relate the significant material aging factors, environmental effects and structural loads to engineering
properties that are needed for customary structural behavior evaluation and safety assessment. Finally, time-
dependent strength and stiffness degradation, load history and inspection/maintenance policies must be
intes led into a decision tool to evaluate current and future safety or serviceability margins and to support
ratioral policy development. This decision tool should take into account the stochastic nature of past and
future loads due to operating conditions and the environment, randomness in strength, and uncertainty in
nondestructive evaluation techniques. With these decision tools, the following issues could be addressed:

1. What aging factors are significant for stee! containments and liners in terms of their future
reliability?

2. Has the original strength of the structure degraded over time as a result of corrosion, fatigue/crack
growth, elevated operating temperatures, thermal cycling, or irradiation”?

3. What is the residual structural safety margin or residual life of the containment and how would it
respond to a design-basis event?

4. Which NDE techniques (e.g., ultrasonic, acoustic emission, radiography) or in situ strength
measurement methods are most useful for locating strength-degrading defects and for demonstrating
reliability of an existing containment?

5. What inspection procedures should be required, how frequently should they be conducted, and
what statistically-based sampling plans should be implemented to provide the needed evidence of
reliability?

Structural reliability analysis methods provide the logical framework for decision analysis in the
presence of uncertainty (Melchers, 1987; Yao, 1986). Probability-based methods and technical data to support
condition assessment have been developed for concrete structures in NPPs (Naus, et al, 1993; Ellingwood, and
Mori, 1992; Mori and Ellingwood, 1993, 1994a, 1994b). Similar methods are required for steel containments
and liners. Some rudimentary methods for making a quantitative evaluation of the residual strength or
remaining service life of a steel structure based on a knowledge of its service history, present condition, and
projected use during a period of continued service already exist (Kameda and Koike, 1975; Ellingwood, 1976,
Committee, 1982; DeKraker, et al, 1982; Siemes, et al, 1985; CIB, 1987, Ellingwood and Mori, 1992).
Further development of such methods and their adaptation in decision-making for steel containments and liners
are the subject of the proposed research.

Structural condition assessment may be required by the regulatory authority as a basis of criteria for
facility risk management. As an additional benefit, it also provides a NPP operator with cost-effective risk
management and decision-making tools. Such tools focus management attention on significant risk
contributors and m'nimize expenditures on items that have a negligible contribution to risk, thus optimizing
efforts to maintain safety at a minimum cost.

NUREG/CR-5442 2



1.2 Project goals, objectives and scope

The overall goal of the research is to deveiop a methodology to permit quantitative assessments of
current and future structural reliability of steel containments and liners in NPPs, taking into account service
conditions and environmental factors that might diminish their residual safety margins during future design-
basis events. This goal is supported by the following project objectives:

1. Identify mathematical models from principles of structural mechanics to evaluate degradation in
strength of steel structures over time in terms of initial construction conditions, service load history,
and aggressive environmental factors.

2. Recommend statistically-based sampling plans for nondestructive evaluation (NDE) of steel
structures to ensure that damage due to corrosion, fatigue cracking cr other factors is detected with
a specified level of confidence.

3. Develop methods to assess the probability that steel containment or liner capacity has degraded
below a specified level or will do so during a future service period, taking into account initial
conditions of the structure, service history, aging, nondestructive evaluation technigues, and in-service
inspection/maintenanc strategies.

The focus of the research is on steel containments, liners and other safety-related structural
components and systems. Mechanical or electrical systems are not considered. It is assumed that the strength
degradation and damage accumulation models and experimental data needed to support the structural reliability
analysis either are available or will be developed in concurrent research activities conducted in other tasks of
the program. The research does not involve experimental testing.

1.3 Jrganization of report

This report summarizes the first phase of the research. Predictive models are identified from principles
of structural mechanics for assessing damage accumulation, residual strength and service life of steel
containments and liners. Capabilities of current nondestructive evaluation methods are reviewed. Existing
structural loading data are summarized. Time-dependent reliability analysis methods for in-service condition
assessment are introduced.

Section 2 reviews degradation mechanisms that are potential contributors to deterioration of strength
or stiffness of steel structures in general and containments and liners in particular. Mathematical models are
presented for analyzing structural degradation over time.

Section 3 reviews common nondestructive evaluation techniques, with specific regard to charactenstics
that would be incorporated in a time-dependent reliability analysis or probability-based condition assessment.

Section 4 reviews fundamental probabilistic methods for analyzing time-dependent reliability of steel
containments and liners in terms of component fragility, time-dependent limit state probability of failure, and
cumulative probability of acceptable performance over a prescribed service interval.

Section 5 discusses the role of in-service inspection, nondestructive evaluation and maintenance in

minimizing the impact of structural aging and in reliability assurance. Engineering decision analysis enables
competing maintenance strategies to be evaluated in terms of risk and cost.

Section 6 presents a Markov model ior tracking systematically the evolution of states of damage in
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a structure throughout its service life, including periodic in-service inspection and maintenance. Such a model
would facilitate computerization of damage accumulation history and could provide an audit trail of facility
risk management over a service life.

Section 7 presents recommendations for further work.

Section 8 lists references on condition assessment and reliability-based service life prediction of
containments and liners.

NUREG/CR-5442 4



2. STRUCTURAL DETERIORATION AND ITS EVALUATION

A steel containment or liner of a concrete containment functions as a pressure-retaining boundary and
as a barrier to the release of radionuclides to the environment. The containment is among the components most
critical for public safety in a NPP. The general design criteria in Appendix A to 10CFRS50 provide minimum
requirements for design, fabrication, construction, testing and inspection of steel containments and liners.
Periodic testing to ensure leaktightness of the containment, resilient seals and bellows is required. A revision
to Appendix J. issued September 26, 1995, will allow qualified licensees to perform leakage rate tests less
frequently than previously required. Rules for design and in-service inspection of containments and liners are
also contained in the ASME Boiler and Pressure Vessel Code Sections 11l and X1, respectively.

The configuration of the containment or liner depends on the type of containment and pressure
suppression system. For structural evaluation purposes, the containment can be considered to be a thin [less
than 2 in (51 mm)) cylindrical/spherical/ellipsoidal steel shell with numerous penetrations for piping and
venting. The shell diameter can range anywhere from about 35 ft (10.7 m) to 140 ft (42.7 m), while the height
varies from 115 ft (35 m) to 240 ft (73.2 m). A typical containment shell is low-carbon steel such as ASTM
A-516 Grade 70, with a yield strength of 38 ksi (262 MPa) and tensile strength of 70 ksi (483 MPa). The
penetrations for high-temperature piping are equipped with stainless steel bellows to permit thermal expansion
without unduly stressing the shell. The bellows typically are two-ply Type 304 stainless steel, with each ply
0.6 - 0.9 mm in thickness, with minimum yield strength and tensile strength of 30 ksi (207 MPa) and 75 ksi
(517 MPa), respectively. The cold-rolling process leaves high residual stresses. The metal shell and all
penetration assemblies, piping, pumps and valves required to isolate the system and provide a pressure
boundary constitute the primary containment system.

Degradation in engineering properties of steel containments and liners is caused by mechanical and
thermal loads, which may occur in corrosive and embrittling environments. Reviews of operating power plants
have revealed a number of mechanisms of deterioration that may lead to degradation of strength and stiffness
of steel containments or liners (Shah and MacDonald, 1989; Shah, et al, 1994). The environment within
containments generally is humid and hot [40 - 60% RH, 66C]. Generally, steels in areas where water or
condensation accumulates or that are exposed to aggressive chemicals such as borated water in PWRs, sodium
pentaborate in BWRs, and decontamination fluids may be susceptible to corrosion. Embedded shell regions
of drywells also are susceptible to corrosion. In PWR plants with steel containments or liners, corrosion has
been observed on the outside of the steel shell in the annular region or where the shell is embedded in the
concrete basemat. The exterior of the drywell in Mark I containments is susceptible to general, pitting and
crevice corrosion when wet or degraded fill material is present in the gap between the shield and drywell.
Pressure suppression chambers are susceptible to general and pitting corrosion in the vicinity of the waterline,
especially when the coatings deteriorate. Corrosion damage has been found in the containments at the
McGuire, Oyster Creek, Catawba and Nine Mile Point plants. A recently published review (Oland and Naus,
1996) indicates that out of 37 instances of degradation reported, 18 involved corrosion of the shell or liner.
Low-cycle fatigue may occur at geometric discontinuities and penetrations from cyclic thermal or mechanical
loads from operating transients, pressure tests, and safety relief valve (SRV) discharge tests. Transgranular
stress-corrosion cracking or corrosion-fatigue due to high residual stresses, stress concentrations, and
misalignment may be a problem in stainless steel bellows, where some instances of leakage have been reported.
Bolting fatigue, wear and corrosion and deterioration at flashed, caulked or sealed joints all have been noted.

Operation at elevated temperatures often accelerates the damage accumulation process. Moreover,
high temperatures cause other effects to be synergistic: interaction of creep and fatgue at high temperature is
greatly accelerated. Accelerated testing may lead to a pessimistic appraisal of service life, e.g., overstressing
accelerates degradation due to creep.
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The major mechanism of deterioration affecting steel structures in NPPs thus appears to be corrosion,
with fatigue or corrosion/fatigue possible but less likely. Accordingly, these mechanisms are described in detail
in the following sections. Since the probability distributions of damage or residual strength are required for
time-dependent reliability analysis, statistical descriptions of damage parameters also are provided, where
available.

2.1 Corrosion

Corrosion is an electrochemical reaction between a metal and its environment. Corrosion is the most
damaging mechanism affecting metal containments and liners. Mechanisms that are of particular significance
in carbon steels used for NPP containments , liners and other Category | steel structures are uniform corrosion,
localized pitting and crevice corrosion. Intergranular or transgranular stress-corrosion may also occur, and may
be important in stainless steels. Corrosion impacts one structural limit state and one performance-related limit
state. At design load conditions, shell thinning from general corrosion may lead to gross inelastic deformations
in regions of tensile stress or instability in regions of compressive stress. Penetration of the shell by localized
corrosion may lead to the development of a leak path and diminished pressure retention.

The electrochemistry of the corrosion process is reasonably well understood, and mathematical models
of the electrochemical processes underlying corrosion are available (Berger, 1983). Here, we emphasize those
aspects of the corrosion process that impact structural performance.

2.1.1 General or uniform corrosion

Uniform corrosion occurs over a large area of the surface of the component and is characterized by
an essentially uniform thinning of the section. Excessive thinning due to uniform corrosion may lead to gross
inelastic deformations or instability of the shell. The depth of corrosion in steel is modeled by,

x(t) = C(t-)" 2.1

in which t = time, t, = induction or initiation time required to activate the process, C = rate parameter, and «
= time-order parameter. It should be noted that Eqn 2.1 is empirical in nature. The associated corrosion rate
(for purposes of comparison with experimental data) is,

dwdt = a C(1-1)*" (2.2)

The parameters C and @ must be determined from experimental data, supplemented by knowledge of the
physics of the underlying mechanism of attack. For example, if the mechanism is diffusion-controlled, then
@ =0.5. (In time-dependent reliability analysis, C, a and t, are modeled as random variables, as described
subsequently).

An alternate expression for corrosion is (Porter, et al, 1994),
x(t) = aln(v) (2.3)

in which a is an experimental constant and the induction time has been ignored. The implied corrosion rate
is proportional to 1.

Two general methods are recognized for estimating atmospheric corrosion-resistance of low-alloy
steels (ASTM G101, 1989) from test data. The first utilizes linear regression analysis of short-term data to
predict long-term performance by extrapolation. The second determines a corrosion resistance index based
on chemical composition of the steel. The regression analysis presumes a log-linear relation between loss and
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time, leading to Egn 2.1. The time-order parameter « is invanably less than unity, indicating a decrease in
corrosion rate with time. The idea of extrapolating beyond the realm of observed data violates one of the basic
tenets of regression analysis as a predictor. No convincing answer is provided to the question of long-term
extrapolation or similitude of accelerated aging testing.

Corrosion testing is conducted mainly in the laboratory under carefully controlled conditions with
small specimens. Corrosion progression normally 1s measured by weighing and measuring material loss.
Laboratory experiments often involve accelerated testing, or attempts to simulate a multi-year service life by
atest of a few weeks or months, One must be cautious in using the results of such accelerated aging tests to
determine C and «, as the aging mechanisms may not scale properly from the laboratory to the service
environment (Jaske, 1987, Natalie, 1987, Clifton, 1993). Physical factors that govern the corrosion process
include temperature, residual stress, and cyclic loading rate, if cyclic loads are present. Temperature affects
oxygen solubility, pH, and corrosion product formation. In the presence of a moving fluid, the corrosion rate
may increase as fluid velocity increases. Degree of exposure - total, partial, or intermittent - also may change
rate and mode of corrosion. On the other hand, the induction period normally is ignored in an accelerated
laboratory test. Failure to include this (random) induction time has been shown to lead 1o a conservative
estimate of remaining service life or residual strength (Ellingwood and Mori, 1992).

Corrosion testing occasionally may be conducted in the field. Field tests may involve either small
specimens or structural components. While environmental similitude is easier to maintain, accurate
measurements of the corrosion process may be difficult to obtain under field conditions.

Table 2.1" summarizes average uniform corrosion parameters for carbon and weathering steels, some
of which are similar to the low-carbon ferritic steels used for containments and liners, in several environments
(Komp, 1987, Structural, 1989). These values were determined from tests of small specimens, and some error
may result from extrapolating these data to structural members. The constants C and « are such that x(1) is
measured in p-m when t is measured in years. Since no information or data were provided on the corrosion
induction period, it was assumed that corrosion initiated immediately and that t, = 0; this is a conservative
assumption. Some of the parameters provided by Komp (1987) have been used in reliability-based evaluation
of bridge deterioration (Kayser and Nowak, 1989) and to devise bridge inspection strategies (Sommer, et al,
1993). Uniform corrosion rates are dependent on the environment and ambient temperature. The uncertainty
in the corrosion rate is quitc large; one reference reported a coefficient of variation of 0.7 for uniform corrosion
in stainless steel containers (Porter, et al, 1994). A more typical coefficient of variation in C would be 0.3.

The time order parameter for uniform corrosion, &, is less than unity, indicating a decrease in
corrosion rate with time. The initial corrosion rate in mild steels exposed to fresh or seawater is of the order
200 p-m/yr (0.2mm/yr), decreasing parabolically to 100 u-m/yr after one year (Akashi, et al, 1990) as corrosion
product film provides a protective barrier against further oxidation. The time-order parameter can be treated
as deterministic; its proximity to 0.5 suggests that corrosion might be modeled as a diffusion-type process.

In NPPs, estimated general corrosion rates from field surveys are (Shah, et al, 1994): 0.52 - 1.4 mm/yr
(Oyster Creek exterior drywell shell); 0.08 mm/yr (Nine Mile Point torus interior above waterline); 1.1 5 mm/yr
(McGuire 2, exterior of the containment); 0.33 mm/yr (McGuire 1 interior of containment). One must be
cautious about extrapolating such measurements to service life prediction since the corrosion rate decreases
with time (cf Egns 2.2 and 2.3), and corrosion measured early in a service period may not be indicative of
subsequent performance. Coating degradation from temperature, condensation and immersion, radiation and
impact allows corrosion to initiate and spread, lifung the coating and accelerating deterioration.

* Tables and figures are placed at the end of each section.
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Possible structural degradation from uniform corrosion often is addressed in ordinary structural design
by providing an extra thickness or “corrosion allowance" to the material. This allowance typically is on the
order of 1-3 mm (1/16-1/8 in) when no protective coating is provided. The maximum penetration of corrosion
is a random variable and can be modeled by a Type I distribution of largest values or Gumbel distribution
(Akashi, et al, 1990). Parameters of the extreme value distribution can be related empincally to the mean
corrosion penetration; this then can be used to determine the 99-percentile value of loss of section due to
corrosion and thus a corrosion allowance (in mm) to ensure satisfactory performance Juring a service period.

The corrosion allowance approach has also been suggested for designing containers for long-term
waste storage (Marsh, 1985). Problems with long term extrapolation of data (out to 1000 years or more)
necessitates very conservative assumptions regarding corrosion mechanisms. Making such assumptions,
steady-state corrosion rate in low-carbon steel at 90 C is predicted to be 209 p-m/yr. Experimental data (short-
term) invariably fall below this level.

The presence of aggressive chemicals (e.g., boric acid, sodium pentaborate) can accelerate the rate of
metallic corrosion (Czajkowski, 1990). Components known to have been affected by corrosive attack by
borated wate ~ leaking through seals and valves include threaded fasteners, reactor coolant piping, pumps and
valves. Corrosion reported at the Catawba and McGuire plants was due to borated water leaking from an
instrumentation line which pooled against the metal shell. Corrosion rates up to 1.7 inches/yr (43 mm/yr) may
occur in carbon or low-alloy steels exposed to borated water at 200 F (92 C); because of the high rate, such
components cannot be designed using the corrosion allowance approach, and instead must be protected from
such aggressive attack.

2.1.2 Localized corrosion - pitting and crevice

Pitting and crevice corrosion are highly localized. Pits can be hidden under a surface of corrosion
products, making detection difficult. Many nondestructive methods can locate relatively large pits but cannot
distinguish between pits and other surficial defects (Sprowls, 1987). Pitting corrosion is often identified by
the presence of surface nodulation. Problem areas usually represent only a small percentage of total surface
area, and the local pitting usually is not accompanied by significant loss of material. However, evaluation of
the depths of pitting corrosion is necessary to ensure the integrity of the pressure boundary. A single through-
the-thickness crack is sufficient to cause leakage.

Pitting and crevice corrosion are similar in their mechanisms and descriptive mathematical models
(Sprowls, 1987, Sharland, et al, 1989). The pitting process appears to be initiated by an electrochemical
breakdown of the passive film from local acidity, inhomogeneities in the material, or other phenomena causing
local disruption of the passive layer. Cyclic loading also can disrupt the passive layer. forming anodic areas
at points of rupture and giving rise to corrosion-fatigue.

The initiation and growth of pits are not readily measured by methods that are used to evaluate uniform
corrosion. In fact, pits frequently become dormant following an initial period of growth and subsequently
reinitiate (so-calied pit birth and death - Williams, et al, 1985). However, mathematical modeling of growth
of individual pits follows the same semi-empirical formulas as used for uniform corrosion (Egns 2.1 - 2.3).
In aluminum, it has been observed that pit depth is proportional to t'” (Sprowls, 1987). In steels, it has been
observed (Kondo, 1989) that pit volume increases linearly with time. Assuming a hemispherical pit of radius
r and constant bulk dissolution rate B, pit volume (2/3) nr’ = Bt, again implying that r is proportional to t'”.
This seems to agree well with experimental results. On the other hand, at least one study (Porter, et al, 1994)
suggests that in stainless steels, pit growth is a linear function of time. Ahammed and Melchers (1995)
proposed a pitting rate proportional to t “°. The pitting corrosion rate can be 3 x 10°to 10°times higher than
general corrosion (Joshi, 1994). Shibata (1994) reports an exponent of 3.42 in Egn 2.1.
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Local pitting corrosion penetration is related to anodic current density (Marsh, et al, 1985). Maximum
pit depths were measured over an area of approx 3 m® in carbon steel specimens tested in NaHCO, + Cl for
periods of up to 1.1 years. These data were analyzed at different exposure times using statistics of extremes.
Results indicated that maximum pitting depth was related to time by x,,, = 8.35 %, where tis in yr and x,,
in mm. Extrapolation of these data to a 1000-yr life yielded a pit depth of 200 mm; however, the validity of
this extrapolation clearly is questionable and without doubt conservative.

Table 2.2 summanzes data on pitting corrosion identified by a literature search. Although only limited

data were identified, it is clear that the rate of pit growth is potentially much higher than that of uniform
corrosion.

Limited statistical studies have been performed for pitting corrosion depth. When several pits are
present, the maximum pit depth x,,,, within an area is of more interest than the distribution of individual pit
depths. x,, has been reported to be a linear function of the log of exposed area (Aziz, 1956, Joshi, 1994).
The distnibution of maximum pit size can be determined from the individual pit depths using extreme value
statistics (Sprowls, 1987, Kondo, 1989), assuming that the pit depths are statistically independent (Joshi, 1994,
Scarf and Laycock, 1994, Shibata, 1994).

Mola, et al (1990) developed a stochastic model for pitting corrosion. They assumed that the number,
N(1), of pits at time, t, is a Poisson process, dependent on the mean surface area and random initiation time
The growth in pit surface area is described by a stochastic finite difference equation. Provan and Rodriguez
(1989) modeled the growth in maximum pit depth as a discrete-space, continuous-time Markov process. The
evolution of the probability density of pit depth in time was described by a Kolmogorov forward differential
equation. A laboratory program conducted as part of this study found that the mean and vanance of maximum
pit depth were proportional to t* and t*, respectively, where 0 < ab< 1. The probability distribution of
maximum pit depth was found to be Type I extreme value at different exposure periods, with mode and scale
parameters that increase linearly with time (Strutt, et al, 1985).

In a electrochemical rather than structural engineering approach (Gebrie.!'. et al, 1990), changes in
current during corrosion were measured and analyzed statistically. The “surviv.' probability” was the
probability that the electrode remained unpitted. The probability of survival was founc to be,

L(t) = exp(-A() ) (24)

in which A(t) = ume-dependent pit generation rate. If the surface area is divided into small elementary areas,
pitting in each area can be treated as statistically independent events, The maximum pit depth was described
by a Type 1 distribution of largest values. If depth increases by x = b log t + ¢, then dx/dt = b/t and time at
which the maxmum pit penetrates the thickness of the component is described by a Weibull probability
distribution. This time-dependent model does not take into account birth and death processes of pits.
Moreover, pit initiation cannot be modeled as a Poisson process with stationary increments, since the intervals
are not independent and occurrences have a tendency 1o cluster.

2.1.3 Deterioration of coatings

Coatings protect the structure from corrosion and facilitate decontamination. Coating degradation can
occur due to elevated temperatures, excessive moisture, radiation, and mechanical abrasion and chipping.
Localized problems occur before general failure of the coating system. Once corrosion initiates, however,
failure of the coating system accelerates.

Many plant owners already have found it necessary to perform local repairs of coating systems, and
it seems likely that such repairs will continue to be needed at regular intervals duning an extended service life.
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Fortunately, coating maintenance usually can be performed along with other required maintanance activities.
Underwater-cured epoxy is a common solution for spot repairs of coatings in tanks and supression chambers.
Coating performance thus does not appear to be a significant consideration in developing reliability-based
condition assessment methodologies.

2.2 Fatigue and fracture

Metals contain voids and inclusions at the microscopic level. 1n 0, a structural component may
contain surficial geometric discontinuities (weld undercuts, reentrant corners, holes) or local damage (cracks,
corrosion loss) that cause stress concentrations. In the presence of cyclic loads, these subcritical defects may
grow and cause fatigue in the metal, eventually leading to failure at loads much smaller than the statically
applied monotonic load causing failure.

The loads applied to a NPP structure may be cyclic in nature. Sources of operational cyclic thermal
and mechanical loads in a containment include startup/shutdown thermal transients, pipe reactions, SRV
discharge test loads, crane and refueling loads. Although: extreme environmental events such as earthquakes
may also induce cycling, the rate of occurrence and duration of such events is sufficiently small that they would
not cause fatigue damage to accumulate.

Early NPP steel structures and components were designed with little consideration for fatigue. Since
the late 1960's, however, design requirements for RPVs and Class 1 piping have included fatigue
considerations (Ware, et al, 1995). Current fatigue design analyses are aimed at demonstrating that a
component has a cumulative use factor (computed from a Palmgren-Miner analysis, to be described
subsequently) of less than 1.0 at the end of a 40-year design life. The analysis is made with conservative
assumptions regarding the number and magnitude of operating transients. Several fatigue monitoring programs
are under development ir: the U. S., aimed at determining increases in the cumulative usage factor on-line as
a function of operating transients.

Fatigue is not believed to be a significant problem in steel containments and liners except at points
of structural discontinuities (weld undercuts, etc.), or heavy weldments where residual stresses may approach
yield. Most full-penetration thick welds in NPP containments are stress-relieved, so residual stresses are not
a problem at such sites. Ductile carbon steels of the type used in containments and liners are not susceptible
to low-cycle fatigue, and can withstand numerous reversals of moderate inelastic strain without failure.
However, general corrosion may cause the surface of the shell to become rough, causing local stress
concentrations, and corrosion pits also may serve as sites for fatigue crack initiation and growth. Crack
initiation time can be reduced by a factor of as much as three when pitting is present. An exception to the
general fatigue insensitivity of the containment is the stainless steel bellows at Mark I containment
penetrations, which have high residual stresses from cold-rolling and are susceptible to low-cycle fatigue and
stress-corrosion cracking.

It is convenient to envision three stages in the fatigue process: (1) crack initiation; (2) stable
(subcnitical) crack growth; and (3) unstable crack growth or fast fracture. The third stage occurs so rapidly in
comparison with the first two that it can be ignored in service life predictions. Crack initiation and growth
processes are driven by different factors. The initiation phase reflects interactions of the metal with the bulk
environment. Dislocations due to slip lead to highly localized stresses that nucleate a macroscopic crack that
then propagates. In the crack growth phase, the local crack tip environment, which may be different from bulk
environment, determines the process. The relative contributions of these phases depend on the load spectrum,
material characteristics, and initial condition of the component. If the structure is essentially defect-free and
the stress range is low, most of the life of the structure is consumed in initiating a detectable flaw. On the other
hand, many welded components contain initial flaws (lack of fusion, penetration), and in such components,
there is essentially no initiation phase. A facility for analyzing both phases of fatigue is required in condition
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assessment. Fatigue often 1s thought of as having two domains: (1) low-cycle fatigue, with service life of
100,000 cycles or less, and (2) high-cycle fatigue, with service life of more than 100,000 cycles. In the latter,
the metal initially is essentially defect-free and cyclic stresses remain in the elastic range.

During a service load history involving time-varying or cyclic loads, failure can occur by single
overload or by accumulation of damage (Madsen, 1982). In failure analysis, "damage” is an aggregated
parameter describing the macroscopic appearance or manifestation of functional impairment. There may be
no immediate relation between damage and measurable physical quantities (this is the case prior to visible
crack initiation, where microstructural changes cannot be detected by the usual field inspection methods), or
the relation may be quite obvious (crack propagation). Time-dependent reliability methods and condition
assessment procedures must be tailored to these realities. Sources of uncertainty in fatigue modeling include
random load and matenal properties, system modeling, damage accumulation law, and defect size. The state
of the art of probabilistic fatigue analysis was reviewed in a series of four papers by the Committee on Fatigue
and Fracture Reliability (Committee, 1982).

2.2.1 Low-cycle fatigue

All models used to analyze fatigue are empincal to a degree, with parameters that are dependent on
the metal and its service environment and are determined by testing small specimens under cyclic load. The
primary load parameter affecting fatigue is the stress (or strain) range, A S =S, - S, Other factors that may
be important in varying degrees include mean stress (or stress ratio, R = S_./S ), load sequence, and cyclic
frequency. Fatigue life to "failure” is defined in a number of ways: as time (or number of cycles) to complete
fracture of the specimen; as time required for a specified increase in specimen compliance; or as time to
initiation of detectable (and presumably repairable) cracking. When utilizing experimental data to develop
fatigue assessment procedures, it is essential to understand the relation between "failure” as it relates to the
peformance of the structure in service and "failure” as it is defined in the experimental fatigue database. 1t is
surprising how often analysts ignore these differences.

The most common way of expressing the fatigue life of a component in terms of the number of cycles
to "failure," N, is through the well-known S-N relation between stress and cycles,

N@as)"=C (2.5)

in which A S = applied stress 1ange and m and C are experimental constants. When the fatigue testing is
deformation-controlled rather than load-controlled, stress range 1s often replaced with total strain range or
plastic strain range. Fgn 2.5 is sometimes referred to as the Basquin equation. A more general model is the
Coffin-Manson equation (discussed in Committee, 1982)

A €2 =(0/E) (2N)" + €,(2N) (2.6)

in which A € = strain range, E = modulus of elasticity, and o, €, b and ¢ = experimental constants. The first
term is equivalent to Eqn 2.5, expressed in terms of elastic strain; the second term dominates in the low-cycle
regime, where the cycling is inelastic. Several typical S-N curves used in design are illustrated in Figure 2.1.
They are based on different testing conditions and load cycling. However, the tests were conducted in air. The
curves labeled AISC/AASHTO B and D are based on fatigue tests of welded details found in buildings and
bridges, and cycling was load-controlled and mainly from zero to maximum tension (R = 0). Curves AWS-X,
API-X and DEn are found in design guides developed by the American Welding Society, America Petroleum
Institute, and the United Kingdom Department of Energy, respectively. In contrast, the curves labeled "ASME
mean" and "ASME design" are based on tests of small smooth polished specimens tested with fully reversed
strain-controlled cycling (R = -1). The ASME curves plot stress amplitude, computed as S, = EA€/2 in which
Ace is strain ranged defined in Eqn 2.6. Note that the exponent m is approximately 3 in all cases; in a corrosive
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environment, m increases to the range 3.5 - 4.0. The rate parameter, C, is dependent on the specimen
geometry, yield strength of the material, and frequency at which the cyclic load is applied. Interestingly, the
dependency of C on yield strength is not especially strong, implying that increases in yield strength and fatigue
strength are not commensurate with each other.

Fatigue test data presented in the form of S-N curves indicate a substantial inherent variability about
the median curve; coefficients of variation in fatigue life at a given stress commonly are on the order of 0.30 -
0.60 (Commttee, 1982). This inherent variability can be displayed by presenting the S-N curves as a family
of curves at different cumulative probabilities, or P-S-N curves (Provan, 1987). In developing fatigue curves
for design purposes, one might select a 5 percentile or 10 percentile curve. However, in developing fatigue
curves for design purposes from experimental data, it has been customery to divide the stress and/or
comresponding median life by deterministic factors of safety. For example, in ASME Code Section I1I, median
low-cycle (controlled strain) fatigue curves were lowered by factors of 2 on stress and 20 on cycles to obtain
design fatigue curves. These adjustments are intended to account for scatter in data, size effects, surface finish,
and environmental effects. More recent studies indicate that these ASME curves may not address
environmental effects in the low-cycle (strain greater than 0.1%) range (Keisler, et al, 1994). Data from
several samples of smooth specimens tested under fully reversed strain cycling (R = -1) were analyzed.
Temperature (in air), percentage dissolved oxygen and strain rate (in agueous solution) had the most significant
impact. Strain rate in air or charactenstics of load vs time had little effect on fatigue life.

Because of economic limitations, most fatigue data are determined by testing small, smooth specimens
under carefully controlled conditions. Most structura! components that are susceptible to fatigue damage are
neither small and smooth nor subject to constant amplitude cycling. Fatigue damage is most likely to initiate
and develop at weld undercuts and other stress raisers (notches) where the local stress (or strain) is amplified
by a significant factor above the "far-field stress” (or strain) computed from a finite element analysis. Such
local effects are not included within the normal factors of safety on smooth-specimen fatigue curves alluded
to above., The question arises as to how to deal with such local effects.

One approach is to conduct fatigue tests of larger specimens containing representations of the fatigue-
cntical structural detail. This has, in fact, been done for civil structures; over a period of three decades from
the 1950's to the 1980's, numerous fatigue tests of representative bolted and welded details mainly
representative for bridge structures were conducted at Lehigh University, the University of lllinois, and other
institutions (reviewed by Keating and Fisher, 1986). The test results were collected in six main categories of
details (curves for two categones - B and D - are illustrated in Figure 2.1), and allowable cyclic stresses for
four main load conditions were determined with an appropriate factor of safety. The results can be seen in
Appendix K of the new LRFD Specification (LRFD, 1993). Such an approach, while acceptable for routine
design of civil structures where details are repetitive, may be unduly conservative when applied to a specific
fatigue-critical detail. Thus, its use in condition assessment of a set of specific details in a structural system
may not provide uniform or consistent reliability among these details. Moreover, in light of recent advances
in computational ability to analyze complex nonlinear stress-strain histories accurately, it is a highly inefficient
method for condition assessment.

Smooth-specimen fatigue curves can be used to determine fatigue behavior of structural components
with stress raisers, provided that the local stress-strain history at the notch can be analyzed. If the material
remains entirely elastic, the local maximum stress (or strain) at a notch is the product of the far-field stress and
a stress concentration factor, K, However, when the material local ‘o the notch is stressed beyond the elastic
range, the local stresses and strains can no longer be determined fiom K, Studies (Ellingwood, 1976) have
shown that Neuber's rule (Topper, et al, 1969 ) can be used in this case ‘o determine the locai stress-strain
history at the notch needed to utilize smooth-specimen fatigue data. Neubei’s rule postulates that the product
of local stress and strain is proportional to the product of far-field elastic stress and strain, or,
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Ao Ae - k! AS Ae @mn

in which k, is an effective stress concentration factor and the elastic stress, AS, can be determined by finite
element analysis or other conventional structural analysis procedure. The second condition needed for
determining Aoand Ae is given by the constitutive model for the material. Assuming, for example, a
Ramberg-Osgood law,

e=K (o) (2.8)
in which K = compliance and n = strain-hardening exponent, one would obtain,

Ao - [(k,AS)’/KE]:'L' (2.9)
Entering the S-N curve at this value of A o would give the fatigue life of the detail.

When the load amplitudes vary in time, the number of cycles to failure (or time to failure) must be
determined from a cumulative damage law. Such laws relate fatigue behavior under variable amplitude
loading to the known behavior under constant amplitude cycling which can be determined from experiments.
The most commonly used of these laws is the Palmgren-Miner hypothesis, which postulates that damage
accumulates linearly simply as a function of the number of cycles at a particular stress (or strain) level. Under
vanable amplitude loading, then, damage accumulation, D, is described by,

N
D -YaDp - ¥ c'@s)y (2.10)
i »l

in which M = number of load cycles and, AD, = increment of damage in cycie i . If the load history consists
of k discrete load amplitudes, Eqn 2.10 takes the more familiar form,

k
D - Y n/N(AS) .11
wl

in which n, = number of cycles in the load history at stress level AS, N(AS,) = number of cycles to failure
under constant amplitude loading AS,, determined from Eqns 2.5 or 2.6, andZ n,= N. When the cycles are
not clearly defined, as is sometimes the case in broad-band excitation, rainflow cycle counting can be used to
determine n, (Barson and Rolfe, 1987). (This necessitates a time-domain rather than frequency-domain
analysis.) The Palmgren-Miner hypothesis asserts that failure occurs when D > 1.0.

The Palmgren-Miner damage hypothesis does not account for stress sequence effects on fatigue life.
However, reviews of other damage accumulation theories indicate that other, more complex, rules do not
provide consistently better results (Committee, 1982)

2.2.2 Crack propagation and fracture

Growth of an existing crack, once initiated, can be predicted by fracture mechanics analysis (Broek,
1988). Under the domain of applicability of linear elastic fracture mechanics (LEFM), unstable crack growth
leading to fracture initiates when,

K>K, (212)

in which K, = (plane strain) fracture toughness and K = stress intensity. The plane strain fracture toughness
is a material-dependent parameter dependent on temperature, rate of loading, and the environment. For mild
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steel at ambient conditions, K, typically is about 140 MNm™”, and its coefficient of variation typically is about
0.15. The stress intensity is,

K - Y(aoyna (2.13)

in which o = far-field stress, a = characteristic crack size, and Y(a} = correction factor based on relative crack
size and shape and far-field loading. For a large plate in tension with a center crack (through the plate
thickness) of length 2a , Y(a) = 1.0; for a penny-shaped crack within the plate with radius a, Y(a) = 2/n; and
for an edge crack loaded in tension or flexural tension with depth a less than half the thickness, Y(a) = 1.12.
Procedures are also available for modeling nonlinear behavior; the J-integral and crack-opening displacement
approaches are two such procedures.

Fatigue crack growth (leading to increases in K, up to K,) is most commonly modeled using the Pans
equation (Barsom and Rolfe, 1987),

da/dN = C (AK)" (2.14)

in which AK = range of fluctuating stress intensity factor, obtained by replacing o by Ao in Egn 2.13, and
C and m are experimental constants (unrelated to the C, m in Eqn 2.5). With the stress history known, Egn
2.14 can be integrated to determine the crack size as a function of elapsed cycles, N. Refinements to Eqn 2.14
for incorporating the mean stress or stress ratio,S,,./S,.,.. the threshold for crack growth, K,,, and other factors
known to affect crack growth rate, are available (Dowling, 1993). These effects generally have a second-order
effect on predicted defect growth.

The crack growth analysis becomes difficult when several cracks grow simultaneously and interaction
for cracks in close proximity may occur. In this case, the rate at which fractured area is produced may be more
meaningful than crack growth rate. This suggests a "damage mechanics" approach, where multiple flaws are
smeared (Kachanov, 1986).

Current analysis and design procedures do not consider possible synergistic effects of corrosion from
an aggressive environment and fatigue from mechanical or thermal loads. The corrosion-fatigue process
consists of several stages: pit formation and growth, crack formation from the pit (assuming corrosion pit can
be modeled as a sharp crack), coalescence and corrosion-fatigue crack propagation (Kondo, 1989). Post-failure
fractographic investigations have revealed that a pit (or pits) is often the origin of the fracture surface, meaning
that pit initiation and coalescence is the trigger for fatigue crack initiation. The transition of a pit into a crack
occurs at a stress intensity of about K = 1.2 MPa(m)'” for low-alloy steel, this is below the threshold for a long
planar surface flaw (Kondo, 1989).

2.2.3 Stress corrosion cracking

Stress~corrosion cracking (SCC) and fatigue damage may occur in the bellows, which are subjected
to reversals in deformations due to heating and cooling during normal operation, pressure loads during leak
rate tests, and high residual stresses. Maximum bellows deformations are 13 - 50 mm due to thermal
expansion; such cycles may occur on the order of 1000 - 5000 times during a 40-year service life.

The initiation of SCC on a surface appears to be primarily dependent on mechanically or chemically-
induced rupture of the protective film (depassivation). This gives rise to acidity in occluded areas and
development of local pitting or crevice corrosion at sites where cracking subsequently may initiate (Marsh,
1985, Kobayashi, et al, 1991). Stress-corrosion cracking can also initiate at sites within the iaterior of a
component, even in the presence of an aggressive external environment. Interior microcrack formation appears
to occur first where intergranular features are smooth rather than coarse, regardless of where such sites occur.
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The metal must be stressed in tension above a threshold stress or stress intensity level for SCC to initiate and
progress. Once initiated, stress-corrosion crack growth occurs at a much higher rate than either general or
pitting corrosion, and even the minimum rate is too great for a corrosion allowance approach to design.

SCC is troublesome for time-dependent reliability analysis. It is difficult to analyze mathematically
and 1o detect or repair prior to component failure. There ‘s no unique definition of when localized corrosion
changes into a stress-corrosion crack. Several cracks may initiate and repassivate prior to the time at which
a dominant crack forms and propagates. Urcxpected SCC problems in NPPs are costly to repair and raise
additional safety concerns that are difficult to resnlve. There are no satisfactory accelerated test methods
(Kobayashi, et al, 1991) for SCC.

2.3 Elevated temperature and irradiation effects

Temperatures required for permanent degradation in strength or stiffness of carbon steel must be on
the order of 500 C. Similarly, embnttlement of reactor pressure vessel steels has been noted for neutron
radiation with fluence greater than 10" n/em’ (Choprz, et al, 1991). Since the containment is unlikely to see
such ievels of exposure, strength reduction due to prolonged elevated temperatures or radiation embrittlement
of the metal containment shell is not generally a concern. Such effects may be of more, concern for the RPV
and certain piping within the NPP. Neutron fluence of 10" n/cm’ causes plane strain fracture toughness K,
in the reactor pressure vessel material to reduce by about 20% during 40 years (Yoshimura, et al, 1993). Such
fluences do not occur in the containment. On the other hand, creep can occur at elevated temperatures,
introducing residual stresses or deformations (Murakami and Mizuno, 1991).

2.4 Summary

Rogers (1990) laments that "it is surprising that in the literature of corrosion failure prediction there
are very few instances where statistical methods are applied.” Commenting on fatigue crack growth two years
earlier, Broek (1988) noted that "there are probably as many equations as there are researchers in the field,"
and "no equation can fit all data." There is substantial uncertainty, both inherent variability and modeling
error, in modeling fatigue, corrosion, and their combinations, and in drawing inferences regarding their current
and future impact on structural behavior.

Fatigue analysis methodology for predicting service life and margins of safety must rely heavily on
small specimen testing coupled with advanced (nonlinear) computational procedures. There seems to be httle
prospect of using in-service data to develop models for predicting damage accumulation, other than in a
qualitative sense. Failure rates in properly designed and fabricated structures are very small. Observations
of in-service data to infer actual failure rates either involve extreme censoring of data or accelerated life testing
In an accelerated test, failure mechanisms may not scale as in the prototype. Extrapolation of such data is
highly questionable. Moreover, early failures in service may denve from defects at assembly, error in
fabrication, etc. It has been suggested (Strelec, 1993) that an "acceleration function” could be developed to
make the time-dependent rehabilities the same under service and accelerated conditions. The acceleration
function must be assumed; several have been proposed in which limited data have been used to estimate the
empirical constants in the model statistically. However, this approach is empirical rather than mechanistic,
as the scaling is done to preserve equal prouabilities.

In modeling damage accumulation due to structural aging, it is important to measure microstructural
parameters that correlate with an engineering property useful for structural evaluation. A review of the
literature reveals that this often is not done, making much of the literature on material aging of limited use for
structural evaluation purposes. Damage parameters in structural condition assessment must be defined to be
consistent with detection parameters in common NDE methods. This is one difficulty in using the traditional
S-N/Palmgren-Miner approach to analyzing fatigue. "Damage” in this approach evolves with cycles (or with
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time) in a way that cannot be measured by conventional NDE methods. As a result, the residual strength of
a structure or component at some intermediate stage of damage evolution cannot be evaluated. Another
example of this is the use of half-cell potential measurements to evaiuate corrosion; this method can detect
likely corrosion zones but cannot determine loss of section needed for structural calculations. In contrast, the
detectability of a particular crack size can be related to the NDE method selected, as will be shovn in Section
3. However, ignoring the crack initiation phase may lead to an overly pessimistic appraisal of residual strength
or remaining service life.

For accurate condition assessment and service life prediction, there is a need to track the evolution of
microstructural damage prior to the state where there is some detectable manifestation of deterioration. The
relatively new field of continuum damage mechanics (Kachanov, 1986; Chaboche, 1988; Lemaitre, 1992)
provides one possible approach, which will be explored in a later phase of this research. A second is to take
advantage of the apparently close correlation of magnetic and mechanical properties of ferromagnetic materials
(Jiles, et al, 1994). Ware and Shah (1995) found that magnetic hysteresis measurements duning cyclic loacing
could be used to track the evolution of fatigue damage. A533B steel (softening material) tension specimens
were cycled under both constant amplitude strain (low-cycle) and load (high-cycle) controlled conditions.
Measurements of magnetic hysteresis during cycling indicated that the magnetic properties remained quite
stable over 80 - 90 percent of the fatigue life, but changed dramatically as macrocracks formed.
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Table 2.1 - Uniform Corrosion Parameters in Eqn 2.1

Environment Steel c o Ref.
Rural Carbon 34 0.65 Komp (1987)
Urban Carbon 80 0.59 .1
Marine Carbon 7 0.79 »
Rural Weathering 33 0.50 ,
Urban Weathering 51 0.57 .
Marine Weathering 40 0.56 .
Industrial Carbon 51 0.42 Structural (1989)
Industrial USS Cor-Ten 25 0.17 .
Ocean (5500 ft) A36 70 0.40 Structural (1989)
Ocean (5500 ft) A36 138 0.25 i
Ocean (surface) Carbon 229 0.69 .
Ocean (surface) Carbon 200 0.62 "
Ocean (surface) Carbon 144 0.79 1
40C-80C AISI 316 Stainless 39 0.36 Porter, et al (1994)
Table 2.2 - Pitting Corrosion Parameters in Eqgn 2.1
Environment Steel C o Ref.
40C - 80C AISI 316 Stainless 1000 1.0 Porter, et al (1994)
NaHCO, Carbon 7000 0.42  Sharland, et al (1991)
NaHCO, + Cl Carbon 8350 0.46 Marsh, et al (1985)
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3. NONDESTRUCTIVE EVALUATION METHODS

Nondestructive evaluation methods (NDE) are used to examine matenals or components in ways that
do not impair function in service. NDE is used to (1) locate and size flaws; (2) measure geometrical
charactenstics, and (3) assess composition. From an operational viewpoint, such inspections are required to
identify potential challenges to structural integrity 1n time to take remedial action. They also play an important
role in structural rehability assessment, espectally when combined with failure analysis techniques such as
fracture mechanics. Factors that are important in a rehability-based condition assess.nent include probability
of detection, threshold of detection and flaw size distribution, and sizing accuracy. NDE provides an
opportunity to revise and update the probability models used to determine current margins of safety and to
forecast future reliability and performance. An ASME Research Task Force on nsk-based inspection recently
has been created (ASME, 1992).

The most common NDE techniques in civil structures are Visual Inspection (VT), Eddy Current (EC),
Magnetic Particle Inspection (MT), Liquid Penetrant (PT), Radiography (RT), Ultrasomgc Inspection (UT) and
Acoustic Emission (AE). However, no in-service inspection 1s perfect. NDE outputs depend on many factors,
including the sensitivity of the instruments to different types of flaws, human factors such as education,
training and proficiency of operators, geometry and microstructure of the component inspected, and size of
flaws. Many of the NDE methods imitially were developed to inspect components dunng relatively well-
controlied manufacturing processes. They may be difficult to use in condition assessment and aging
management, where quantification of flaw size 1s necessary and limitations on the sensitivity of NDE are
amplified by difficult field conditions. The procedures used in service frequently are manual and time
consuming. A flaw of a given size can be detected only with a certain probability; for any but the largest
defects, however, there is a finite probability that the flaw escapes detection. Conversely, there is a possibility
that NDE indicates a flaw when none is present (a so called false call); repair actions in such a case not only
would be unaecessary but might damage the structure. Moreover, the actual flaw present may not be measured
accurately by the NDE method chosen. Detection and measurement uncertainties arising from NDE must be
incorporated in the reliability analysis.

Significant portions of NPP structures where damage might occur are not easily accessible to
inspection. To maximize the efficiency of the inspection process, sampling plans must be devised that require
only portions of the structure to be inspected, rather than the entire structure. The basic idea of such a
sampling plan is to focus initial inspection on a small (critical) portion (typically 5-10 percent) of the structure.
If no problems are found in this first stage, the structure as a whole is deemed acceptable until the next
scheduled inspection. If flaws are located, an additional portion (say, 10-20 percent) is inspected. If no further
problems are evident in this second stage, the result of the initial stage 1s viewed as an anomaly; if, on the other
hand, problems are evident in the second stage as well, the entire structure taay be inspected prior to continued
service. Inspection is thus a living process. Obviously, a large portion of the structure may remain uninspected,
any undetected flaws impact the time-dependent reliability.

In the following sections, common NDE methods will be assessed (Rummel, et al, 1989; Bray and
Stanley, 1989) , with particular attention to quantifying detection and measurement uncertainties.

3.1 Detection of flaws

The probability of detecting a flaw depends on the NDE method employed, the size of the flaw and
the training of the operator. When NDE is performed, four outcomes are possible, as shown in the following:
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positive call (D) negative call (N)
Flaw (F) FD FN
No flaw ( F) FD FN

Event FD denotes that a flaw exists and is detected, event FN denotes that a flaw exists but is not detected,
event FD depicts that no flaw exists but a flaw is indicated, and event FN indicates that no flaw exists and
none is indicated. These imply that for a given flaw, there is only a certain probability of detecting it. Also,
even though there is no flaw present, we might possibly have a false call.

The prohability of detection (POD) expresses the probability of detecting a crack in a given size group
under specified inspection conditions and procedures. Many NDE methods indicate the presence of a flaw
indirectly rather than directly. The signal shown may not be the physical characteristics of interest, such as
length and depth, but other control parameters corresponding to the technique used, such as a voltage for UT.
As a result of surface roughness, microstructure inhomogeneities and other factors, the signal observed also
includes inherent noise. Suppose that Y is this observation variable. If Y> y,, where y, is given threshold,
a flaw is indicated; otherwise, the indication is assumed to be simply noise. For a crack with size a, POD(a)
can be expressed as:

POD(a) lim number of positive calls n o0
" n = number of defects present n :

POD(a) - L'f (y,) dy, (3.2)

where POD(a) is the probability of detecting a crack with size a. Egn. 3.1 expresses POD(a) in the form of
a relative frequency. The denominator represents the total number of flaws with size a present in the
components tested, while the numerator designates the number of the flaws indicated. Eqn. 3.2 defines
POD(a) in the form of a cumulative distribution function (CDF). Y, is the signal response amplitude with
respect to the flaw with size a. It is a random variable with probability density function f(y,). The above
integral thus specifies the probability of detection for a given flaw size. For the special case when a=0, i.e.,
there is no existing flaw, POD(a) represents the false call probability (FCP). Varying the flaw size and plotting
POD(a) gives a POD curve. Generally, POD(a) increases with increasing flaw size. Several commonly used
POD models will be introduced in the following discussion.

Berens (1989) suggested that a log-logistic function is a suitable model to fit the POD data. Two
mathematically equivalent forms are given:

2000 | L.Pbu 2>0 (3.3)
1 - POD(a)
o ln. M 1.
POD(@) - (1 + exp(-(—=( ))) N a0 (3.4)

73

where a, B, pu,0 ave unknown parameters which can be estimated through regression analysis. Parameter p
= In a,, where a,, is the median flaw size satisfying POD(a, ) = 0.5; o is related to the steepness of the
POD(a) curve, a smaller value of o being associated with a steeper POD(a) curve.
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The relationship between («, $) and (u,0) is,

B o - - 3.5
B (3.5)
n
e S (3.6)
py3
The log-logistic model is similar to a lognormal distribution.
Others have suggested that the POD curve can be given by the exponential distribution,
| -exp(-c(a-a,)) ;azxa,
POD(a) - {0 L a<a, (3.7)

in which a, = minimum detectable defect and ¢ = constant, both of which depend on the NDE device and its
resolution (Tsai & Wu, 1993) or, more generally, a Weibu!l distribution (Kennedy, et al, 1991). If NDE is
perfect, every defect above the threshold of detection, a,, would be detected, and POD(a) would take on the
appearance of a Heaviside function,

POD(a) - H(a-a,) (3.8)

Such is not the case, of course; however, one would like ¢ to be as large as possible in order to approach this
condition.

Both of the models mentioned above are consistent with the intuition that large defects almost certainly
will be detected while very small defects will almost certainly be missed, assuming that the entire component
is inspected. However this may not be the case. Considering that there may not be a certainty for detecting
even very large defects, an alternative expression for the probability of no detection is proposed (Staat, 1993),

1 - POD(a) =p + (1 - p) exp (-ca) (3.9)
in which p and c are parameters dependent on the NDE method. The corresponding POD is,

POD(a) = (1 - pX1 -exp ( -ca)) ; az 0 (3.10)
Note that this POD(a) is asymptotic to | - p for .arge values of a. There is no threshold of detection, i.e.,

defects larger than zero have a finite POD. A model combining the best features of both Eqn 3.7 and 3.10
would be,

POD(a) = (1 - pX! -exp ( -c(a - ay))) ; aza, 3.1

The probability of detecting defects smaller than a, would be zero, while the probability of detecting very large
defects wouid be 1 - p; typically p would be on the order of 0.001 - 0.05.

One disadvantage of the models represented by Eqns 3.7 - 3.11 is that none of them incorporates the

false call probability (FCP) which may occur with some NDE methods. For example, in their pipe crack
detection round robin studies, Heasler et al (1990) found that the false call probability can be as high as 27%.
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Taking into account this FCP, Heasler, Taylor and Doctor (1993) proposed a logistic model using a instead
of In a in Berens' model:

POD(a) = ( 1 + exp( - (« + pa)))’ (3.12)
thus,
FCP = (1 + exp(-a))" (3.13)

Generic POD curves using the above models are illustrated in Figure 3.1. Specific NDE methods are
considered in the following sections.

3.2 NDE techniques
3.2.1 Surface and near-surface methods

Visual inspection (VT) is the oldest and still most widely used NDE method. In NPPs, accessible
surfaces of the pressure-retaining boundary are inspected prior to each integrated leakrate test. Underwater
inspections for cracks usually are performed visually and are suppiemented by magnetic particle inspection
after cleaning (Kishi, 1988). Visual inspection can identify regions of corrosion, or peeling or blistering of
coatings that may indicate damage to the substrate. Special attention must be paid to welds and heat-affected
zones of weldment.

Liquid penetrant (PT) is effective in locating surface flaws in essentially nonporous materials. The
fluorescent or visible penetrant seeps into various types of minute surface openings by capillary action, giving
indications of defects. The advantage of this method is that it depends neither on ferromagnetism (as does,
for example magnetic particle inspection) nor on defect orientation as long as only surficial flaws are
considered. The major limitation of PT is that it cannot detect subsurface flaws and can be excessively
influenced by the surface roughness or porosity. Studies (Chase, 1994) of application of NDE to the detection
of fatigue cracks in steel bridges have revealed that the crack length sensitivity range is 7-13 mm in welds and
greater than 24 mm in joints using PT; others have reporied similar thresholds of detection (approximately
9mm).

Figure 3.2(a) illustrates a POD curve for PT from analysis of data from 328 fatigue cracks in 118
aluminum alloy specimens (Rummel, et al 1989). There is no false call probability indicated; the authors
claimed that FCP was "not reflected by the POD curve” because in their experiment, no inspections were
conducted on unflawed areas. As will be seen later, the other three POD curves they obtained using Eddy
Current, Ultrasonic and X-ray inspection also indicated no FCP. The minimum flaw size here is about 0.5 mm.
Using the model in Eqn. 3.4 we have p= 0, 0 = 0.3 mm; for the model of Egn. 3.7, a, = 0.5 mm, ¢ ~ 2/mm.

Magnetic particle inspection (MT) is utilized to reveal surface and subsurface discontinuities in
ferro-magnetic materials. When the material is magnetized, a leakage field is generated by magnetic
discontinuities that lie in a direction transverse to the direction of the magnetic field. The leakage field gathers
and holds some of the fine ferromagnetic particles applied over the surface. This forms an outline of the
discontinuity and indicates its location, size and shape. MT is capable of detecting fine, sharp and shallow
surface cracks in ferro-magnetic matenials, but is not zood for wide and deep defects. It cannot be used for
nonferromagnetic materials. The magnetic field must be in a direction that intercepts the principal plane of
discontinuity for a good result. Thin coatings of paint and other nonmagnetic coverings will adversely affect
the sensitivity. MT is effective in detecting surficial defects in excess of about 6 mm (1/4 inch) long. The
probability of detection is strongly dependent on field conditions.

Figure 3.2(b) illustrates a typical POD curve for MT obtained by Packman et al (1969). The material
was AISI 4330 vanadium modified heat treated steel.
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3.2.2 Ulirasonic inspection (UT)

UT is used to detect both surface and internal discontinuities in materials and can also be used to
identify areas of thinning due to corrosion. Beams of high frequency sound waves introduced into the material
attenuate due to wave scattering and are partially or completely reflected at interfaces. The reflected beam is
displayed and analyzed to define the presence and location of defects such as cracks or voids. UT can also be
used to measure thickness and extent of corrosion by monitoring the transit time of a sound wave through the
component or the attenuation of the energy. UT can be performed under water. The principal advantages of
UT are its portability and superior penetrating power and volumetric scanning ability which allow the detection
of deep flaws. Studies (Chase, 1994) show that its sensitivity to crack length is the highest among the
commonly used NDE techniques (detection thresholds between 3-7 mm in welds and 7-13 mm in joints), and
its complexity and operator dependence are moderate. Its disadvantage is that defects in parts that have rough
or irregular surfaces, or are ery small, thin or non homogeneous are difficult to detect.

Research has been in progress for several years to determine reliability of in-service ultrasonic
inspection and its capability for flaw sizing. The aim of this research is to establish reliability of the inspection
process for pressure vessels and primary coolant piping systems in NPPs (Doctor, et al, 1993). Techniques
other than UT are not being considered. Data are being obtained from an international round-robin test of
ultrasonic inspection capabilities involving teams from the United States, several European countries and
Japan. Data were gathered during an exercise called PISC II (Programme for the Inspection of Steel
Components, Phase 2). Human factors are being incorporated in the study. It was found that flaw length is
the best control parameter in determining probability of detection curves. Resulis of this activity are being
interfaced with an ASME task force on reliability-based in-service inspection (ASME, 1992). Typical POD
curves developed as part of this study (Heasler, et al, 1993) are illustrated in Figure 3.3(a); points identified
as H or L indicate potentially anomalous data. As a comparison, the curve obisined by Rummel, et al (1989)
is shown in Figure 3.3(b). Using the POD models in Eqn. 3.10 to fit the data in i"igre 3.3{a), we have p =
0.005, ¢ = 0.1134/mm (Kennedy, et al, 1991; Siaat, 1993); using Eqn. 3.12, a= - 1.73, § = 1.5. A curve
similar to Eqn. 3.7, in which ¢ = 0.113/mm, was recommended by Tsai and Wu (1993). It is noted that FCP
is significant for UT because it mainly deals with internal flaws and is not visually-assisted.

3.2.3 Eddy current (EC)

EC is effective in detecting defects at or within a few millimeters of the surface. It is based on the
principle of electromagnetic induction. Taking a pipe as an example, a current is created by encircling the
pipeline with induction coils, The presence of a crack in the pipe impedes the current flow and changes its
direction, causing changes in the associated electromagnetic field which can be monitored. Thus surface
discontinuities having a combinaticn of predominantly longitudinal and radial dimensional components can
readily be detected.

A majority of surface discontinuities can be detected by EC with high speed and low cost. If a coating
is present, it need not be removed. However, the sensitivity of this method to defects beneath the surface is
decreased. Also, laminar defects may not alter the flow enough to be detected. Defects less than 6 mm (1/4
in) at the toe of a weld reportedly cannot be detected by EC (Shah, et al, 1994), nor can defects more than
about 13 mm (1/2 in) below the surface. The sensitivity ranges of fatigue cracks in steel bridges are 7-13 mm
in welds and greater than 25 mm in joints (Chase, 1994), comparable to that of PT.

In one study (Bowen, et al, 1989), research was conducted on the reliability of eddy-current inspection
techniques to detect and size flaws in steam generator tubes. Human factors also were taken into account in
this study, and performance of several inspection teams was considered. Typical POD data collected in this
study are shown in Figure 3.4(a); the lines correspond to lower bound and median trends. As a comparison,

23 NUREG/CR-5442



the curve obtained by Rummel, et al (1989) is shown in Figure 3.4(b). Using the model in Eqn. 3.7 to fit the
data in Figure 3.4{: . we have

POD(a) = 1 - exp( -3.5 (a-0.10)) (3.149)

in which a=true flaw depth, expressed as a fraction of plate or weld thickness. Recognizing that the model
does not incorporate FCP, which appears to be apparent in the data, one might use the model in Eqn 3.12 with
a=-29 and p =~ 9.

3.2.4 Acoustic emission (AE)

Sudden movement in stressed materials produces acoustic stress waves. The stress waves can be
detected on the surface of the structure by one or more piezoelectric transducers. One source of AE is defect-
related active deformation processes such as fatigue crack growth. Thus, AE offers the possibility of
monitoring growing defects during service. Research (Yeh, Enneking and Tsai, 1994) has been conducted to
relate AE energy counts to stress intensity factor and strain energy release rate. However, difficulties still
remain in u.ing acoustic transducers to locate or size growing defects accurately due to the noise resulted from
vanous sources, and the AE is better used in conjunction with other flaw detection methods. Efforts have been
made (Ghorbanpoor, 1994) to improve signal discrimination techniques for AE evaluation of steel bridges.
The sensitivity ranges for fatigue cracks in steel bridges are 7-13 mm in welds and 13-25 mm in joints,
respectively. No further information on detection probability for AE could be located. The technique is still
relatively new in its application to civil structures.

3.2.5 Radiography (RT)

RT methods are based on the differences in absorption by different portions of a component of
penetrating radiation, such as X-ray or y-ray. The images produced can be analyzed to locate flaws. Planar
defects cannot be detected unless their principal plane is essentially parallel to the radiation beam. Tight cracks
are difficult to detect regardless of orientation. In contrast to the other methods above, access to both sides of
the component is required. Safety protocols also must be followed. RT is relatively expensive. Figure 3.5
illustrates a typical POD curve for X-ray inspection obtained by Rummel, et al (1989) by gathering data from
328 fatigue cracks in 118 aluminum alloy specimens. Using the POD model in Eqn 3.7, we have a, = 0.51
mm, ¢ = 0.35/mm.

3.3 Flaw measurement errors

Error in sizing is also an important issue because the defect size identified is greatly affected by many
factors such as education of operators, sensitivity of equipment, procedures conducted and material
imperfections. For example UT can be used to locate areas of corrosion in inaccessible regions, but may not
correctly identify the extent of corrosion penetration if the surface roughness due to corrosion is high and wave
scattering occurs as a result. Errors in measuring thickness ultrasonically for several commercially available
UT gauges (summarized in Figure 3.13 of Shah, et a', (1994)) and in sizing can be as high as 40 percent for
a surface roughness of 0.2 mm RMS. The pipe inspecuica round robin conducted by Heasler, et al (1990) also
showed that sizing performance was not very good. Slopes of regressions of true sizes on measured sizes from
UT sometimes are close to 1 and other times deviate from 1; variability is high, with an average standard error
of 20 percent. Other technigues such as EC and RT have similar sizing errors. Error in sizing by PT and MT
seems to be less of a problem mainly because these techniques deal with surficial flaws where inspections are
visually assisted. Figure 3.6 illustrates the data scattering difference between PT and X-ray inspection.

After a flaw has been detected, it is necessary to estimate the true flaw size, a, from the measured size,
a,. Usually, we are interested in P(A < ylA,, = ¢), the probability that true flaw size, A, is less than y under
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the condition that measured size, A, equals c. Suppose that A and A, are discrete random variables and D
denotes the event of detection; we have,

P(A<y N A_ - ¢)

A< A 3 -
PA<ylA, - ©) PA- ©) (3.15)
P(A<yNA_ - ¢ND)
A (3.16)
P(A<yNA_-c¢ND) - f: P(A - aNA_ - cND) 3.17)
il
- Y P(A_-c|(A-aND)P(A - aND) (3.18)
1

- z': P(A_ - ¢|(A - aND)POD (a)P(A - a)  (3.19)
=1

P(A, - ¢) f: P(A - aNA_ - cND) (3.20)
il

- Y P(A, - /(A - sND)POD(a)P(A-8)  (321)
i

Under the condition of detection, regression of measured size on true size is needed. Studies (Heasler
et al, 1993) of various regression models reveal two commonly used relations,

loga, =P, +P,loga+e (3.22)
a,=p,+Pa+ e (3.23)

where € is 2 random variable representing replicate experimental errors with respect to log a, or a,. In one
study, it was assumed that € was uniformly distributed within the sensitivity limits of the NDE method
(Kennedy, et al, 1991); such an assumption is difficult to justify from error analysis. Since error often arises
from a series of independent factors, € is assumed to be approximately normally distributed with standard
deviation varying with different procedure types and operators.

Eqgn. 3.22 employs a log transformation of the data, which can stabilize the errors. On the other hand
this implies errors are proportional to flaw size with zero error for zero flaw size, which generally is not the
case. While Eqn 3.23 implies that the error doesn't change with size, negative values in measured size may
occur if the standard deviation of € is too large. To study which model is better, Heasler et al (1993) calculated
the standard deviation as a function of crack size by analyzing PISC-II data. They found that there is a modest
increase in standard deviation with flaw size but that the standard deviation does not approach zero as the true
size approaches zero. This indicates that Eqn 3.22 is not valid for small flaw sizes. Since Eqn. 3.23 is not
sensitive to modest departures from the constant variance assumption, it was chosen for the sizing analysis for
PISC-II data. In their earlier studies, Heasler et al (1990), also incorporated the effect of resolution limit
denoting the smallest flaw that can be sized. The resolution limit is dependent on the technique used; for
example, it is determined by the wavelength in the component when UT is applied. A linear model without
any regard to inherent resolution limit in sizing cracks is not accurate for small defects. Heasler et al (1990)
showed that employing two piecewise linear models, shown in Figure 3.7, leads to more realistic results.
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It should be noted that in the present study, detection errors and measurement errors are treated
separately. The former are involved in POD, and the latter are handled by regression models. In other words,
the regression of measured flaw size on actual flaw size is constructed using data sets in which detected and
measured flaw size are paired, i.e., under the condition of detection.

3.4 Summary

Nondestructive evaluation plays a key role in reliability-based condition assessment and service life
prediction. The inspection plan should consider component importance, redundancy, repetitive use (correlated
defects), and prior history of performance (Banon et al, 1994a). Successful inspection requires: accessibility
(and should not require extensive shutdown), a safe observation environment (no personal danger), flaw
detection capability, accurate interpretation, small observation error, and competent performance from the
inspector/operator (Meister, 1982). To gain the maximum useful information for safety margin evaluation and
reliability-based updating, the NDE method or methods selected should be characterized by a POD curve with
a low FCP, low detection threshold and high slope (Davidson, 1973, Rodrigues and Provan, 1989).

Despite advances in instrumentation, planning and interpretation will continue to depend on a
considerable degree on human experience and judgement. Proper training and continuing education of
inspectors is essential.

The values given in Sections 3.2 and 3.3 on flaw detection probability and measurement error are
based on judgement from a review of the existing literature, and should be used with extreme caution in any
time-dependent reliability analysis or probability-based condition assessment. Much of the data (e.g., Rummel,
et al, 1989) were obtained under carefully controlled laboratory conditions. Very little quantitative data
representative of NDE capabilities in more realistic but difficult field conditions could be located in this
review. However, it is reasonable to conclude that the probability of detection and the ability to measure flaws
accurately almost certainly would be much less favorable than what is illustrated in Figures 3.2 through 3.7.
It is hoped that such data will be forthcoming later from other tasks of the Steel Containments and Liners

Program.
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Figure 3.1 - POD curves for different models
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Figure 3.2 - Probability of detection - PT and MT
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Figure 3.3 - Probability of detection - UT
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(b) POD for EC (Rummel, et al, 1989; reprinted with permission from ASM International)
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Figure 3.4 Probability of detection - EC
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Figure 3.6 Actual vs measured crack length for PT and RT (Rummel et al, 1989; reprinted with
permission from ASM Intermational)
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Figure 3.7 Actual vs measured crack depth including resolution limit.

P. G. Heasler et al., “Ultrasonic Inspection Reliability for Intergranular Stress Corrosion
Cracks: A Round Robin Study of the Effects of Personnel, Procedures, Equipment and Crack
Charactenstcs,” NUREG/CR-4908, Pacific Northwest Lat. ratory, Richland, Washington,

1990; reprinted with permission from the authors.
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4. TIME-DEPENDENT RELIABILITY ANALYSIS

The evaluation of steel structures for continued service should provide quantitative evidence that their
strength is sufficient to withstand future demands within the proposed service period with a level of reliability
sufficient for public safety. Structural loads, engineering material properties, and strength degradation
mechanisms are random in nature. Time-dependent reliability analysis methods provide the framework for
dealing with uncertainties in performing condition assessments of existing and aging structures and for
determining whether in-service inspection and maintenance is required to maintain their performance at the
desired level. Uncertainties that complicate the evaluation of aging effects arise from a number of sources:
(1) inherent randomness in structural loads, initial strength, and degradation mechanisms; (2) lack of in-service
measurements and records; (3) limitations in available :nodels for quantifying time-dependent material changes
and their contribution to containment strength; (4) inadequacies in nondestructive evaluation; and (5)
shortcomings in existing methods to account for repair.

4.1 Probabilistic models of loads

Structural loads occur randomly in time and are random in their intensity. Structural load models and
descriptive load statistics have been gathered in previous research to develop probability-based limit states

design and condition assessment procedures for NPP structures (Hwang, et al, 1987, Ellingwood and Mori,
1993).

DRiscrete load models. The duration of structural loads that arise from rare operating or environmental
events, such as accidental impact, earthquakes and tornadoes, is short and such events occupy a negligible
fraction of the service life of a structure. Such loads can be modeled as a sequence of short-duration load
pulses occurring randomly in time. One of the simplest pulse process models is illustrated by the sample
function in Figure 4 1a. The occurrence in time of the loads (impulses) is described by a Poisson process, with
mean (stationary) rate of occurrence, A, random intensity S, and duration t (Pearce and Wen, 1985). The
number of events, N(t), to occur during service life, t, is described by the probability mass function,
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