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ABSTRACT

As nuclear power plants age, a number of degradation mechanisms may begin to affect the ability of critical
containment structures to prevent radiation release during a severe accident. A research program is underway to quantify
the effects of various types of containment degradation in a risk-informed manner. In this paper, corrosion is assumed to
occur in the liner of a reinforced concrete containment at a “typical” U.S. pressurized water reactor nuclear power plant,
and its effect is investigated. Latin hypercube sampling is used in conjunction with finite element models of a typical steel-
lined reinforced concrete containment to generate overpressurization fragilities of the containment with and without
corrosion. An existing probabilistic risk assessment model of the plant is then used with these fragilities to determine the
increase in risk caused by the corrosion.
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INTRODUCTION

Containment structures in nuclear power plants provide a critical, final barrier against radiation release in the event of a
severe accident. Because of this, the ability of the containment structure to resist internal pressures without leaking can
have a significant effect on the risk associated with operation of a plant.

In the United States, various forms of degradation have been observed in the containment vessels of nuclear power
plants [4]. This includes corrosion in steel containments and liners of reinforced concrete containments, loss of
prestressing, and degradation of bellows. Any of these modes of degradation can have an adverse effect on the ability of a
containment vessel to perform its intended function. The results of analyses of containments subjected to a variety of
degradation modes can be found in [3], [4], and [8].

The aforementioned studies provide valuable understanding about the pressure capacity of degraded containments.
However they provide little insight into the effect that the degradation has on the risk of a radiation release. In the studies
mentioned above, the pressure capacities of containments were generally found to be well in excess of their design
pressures, even with significant degradation. Under severe accident conditions, however, pressures far above the design
pressure can potentially be encountered.

The goal of this study is to take the previous studies on degraded containments one step further and find the effect of
containment degradation on the risk of a radiation release. This can give insight into the performance of the containment
during beyond-design-basis loading events. A better understanding of the significance of the various factors that contribute
to the risk can lead to improved decisions on how to allocate resources to best ensure the safety of a nuclear power plant.

RISK-INFORMED ANALYSIS METHODOLOGY

Regulatory Guidelines
The judicious application of probabilistic risk assessment (PRA) techniques to engineering problems can lead to
improved safety and better allocation of limited resources. The United States Nuclear Regulatory Commission (NRC)
recognizes the value of these techniques for nuclear applications, and has issued a policy statement to that effect [11]. As
part of its effort to increase the use of PRA in the regulatory process, the NRC developed guidelines for using PRA in
decisions regarding changes to a nuclear power plant’s licensing basis, and published these in Regulatory Guide 1.174 [12].
Regulatory Guide 1.174 outlines five principles to which risk-informed changes in a licensing basis must conform:
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1. “The proposed change meets the current regulations unless it is explicitly related to a requested exemption or rule
change, i.e., a “specific exemption” under 10 CFR 50.12 or a “petition for rulemaking” under 10 CFR 2.802."

2. “The proposed change is consistent with the defense-in-depth philosophy.”

3. “The proposed change maintains sufficient safety margins.”

4. “When proposed changes result in an increase in core damage frequency (CDF) or risk, the increases should be
small and consistent with the intent of the Commission’s Safety Goal Policy Statement. “ (USNRC, 1986)

5. “The impact of the proposed change should be monitored using performance measurement strategies.”

As mentioned in the fourth principle above, if a change results in increased risk, that increase must be small and fall
within certain acceptance guidelines. CDF and large early release frequency (LERF) have been designated as criteria for
determining the acceptance of a proposed change. If a proposed change in the licensing basis results in an increase in either
the CDF or LERF, the change is only deemed acceptable if the baseline values of CDF and LERF, as well as the change in
those values due to the proposed change, fall within certain bounds. The changes in CDF and LERF due to the licensing
basis change are denoted3DF andALERF, respectively.

This approach for risk-informed decision-making is not intended to relieve the duty of licensees to do things that they
view as undesirable simply because those things can be demonstrated to have a minimal impact on the risk. If a proposal
results in a risk increase, there must be clearly demonstrated benefits that outweigh the risk.

One of the major goals of the current research effort is to evaluate the appropriateness of using Regulatory Guide 1.174
to evaluate containment degradation in a risk-informed manner. Degradation is considered as a temporary change in a
plant’s licensing basis. Risk analysis is performed to determine the level of risk associated with a the degradation, and the
results are evaluated based on the criteria given in Regulatory Guide 1.174.

Methodology for Risk-Informed Containment Analysis

In this study, risk models developed previously for other analyses are adapted to study the effect of containment
degradation on the risk. During an accident scenario, there are many potential modes in which the integrity of the
containment vessel can be breached. For the purposes of this study, it is assumed that the degradation only affects the
capacity of the containment under over-pressurization.

In a risk analysis, a probabilistic description of the containment capacity is required. This probability distribution,
known as a fragility curve, reflects the inherent randomness in the components that make up the system, and uncertainty in
the analyst’s ability to characterize the behavior of the system. These components of the overall uncertainty are often
referred to as aleatory uncertainty and epistemic uncertainty, respectively [4].

Random sampling techniques such as the Monte Carlo method are often used to model the uncertainty in systems too
complex to be modeled in a closed form. Appropriate probability distribution functions are selected to describe the most
important parameters in an analytical model. A large number of sets of samples of those parameters are selected, and the
analysis is performed once for every set. The probability distribution of the outcomes of those analyses approximates the
distribution of the real system. The Latin hypercube sampling (LHS) technique [7] uses constrained sampling to reduce the
number of sample sets to a much more manageable number. LHS is used in this study to generate the structural fragility
curves because it offers the ability to explicitly account for the probabilities of the individual components in a structural
system with a reasonable amount of computational effort.

The risk analysis in this study is essentially a sensitivity study of the effect of structural degradation on the overall risk.
With the exception of the fragilities for containment overpressurization, the risk model is the same as one used for the
NUREG-1150 study [10]. To ensure that the fragility of the containment in its original state is consistent with that for the
degraded state, a new fragility of the containment in its original state has been developed to replace the containment
fragility used in the NUREG-1150 analyses.

While an actual nuclear power plant has been used as an example in this study, the analysis is intended to be generic
and does not represent the plant in its current state. The risk models were built in the 1980’s, and the plant has changed
since then. Most importantly, the corrosion assumed in this analysis is not intended to represent actual corrosion observed
at any particular plant. This study is intended to demonstrate how an analysis might be performed if corrosion were found
and is not intended to insinuate that there are any corrosion problems at the plant being investigated.

STRUCTURAL MODEL OF REINFORCED CONCRETE CONTAINMENT
A typical pressurized water reactor (PWR) nuclear power plant was chosen as the subject for a risk-informed

investigation of liner corrosion in a reinforced concrete (RC) containment vessel. This study investigated the effect of
corrosion at two locations on the liner wall: near the wall-basemat juncture, and near the containment mid-height. These



a) Original Mesh b) Deformed at 1.05 MPa (magnified 10x)
Figure 1: Axisymmetric Finite Element Model of RC Containment

locations were chosen both because they are regions of potentially high liner strains and because water could potentially
accumulate at those points, accelerating corrosion.

The procedure used in this study to analyze the RC containment is similar to that of [3]. An axisymmetric model,
which includes the liner, concrete, and reinforcing steel, is used to find the global strains. These global strains are used for
boundary conditions in refined 2-D models of local corroded areas. Strain magnification factors are used to represent the
stress-rising effects of various discontinuities in the liner.

Axisymmetric Global Model

The axisymmetric finite element model of the containment incorporates the effects of the concrete, reinforcing bars,
and steel liner. All of the analyses are performed using the ABAQUS [6] nonlinear finite element analysis program. The
concrete is modeled with the ANACAP-U [1] constitutive model. Nonlinear behavior due to concrete cracking and
crushing is “smeared out” across finite elements. Reinforcing bars and the steel liner are modeled with the built-in
plasticity models in ABAQUS. Reinforcing bars are embedded within the concrete elements.

The containment is subjected to monotonically increasing internal pressure loading. Increasing temperature is applied
to the containment in conjunction with the pressure loading. Initially, the internal surface of the containment has a
temperature of ZIC. This increases to a maximum of £ at a pressure of 1.38 MPa. The analysis is performed using
load control, and it reaches a point where small increases in the pressure result in very large deformations. At a certain
point, the analysis cannot continue because obtaining a converged solution becomes too difficult. This generally happens
well beyond the point where liner tearing would occur. Figure 1 shows the baseline axisymmetric model in its original
state, and the deformed shape of the mesh near the end of the analysis.

Local Detail Models

Because experience has shown that leakage tends to develop in RC containment vessels due to liner tears at
discontinuities [9], it is important to account for these effects in the analytical model. Ideally, one would develop a number
of models to predict the behavior at structural details in the structure under investigation. However, this process can be
very time-consuming. To simplify this process, strain magnification factors were developed and published [9] to
approximate the effects of discontinuities typical of those found in the liners of RC containments. These published
magnification factors are used in lieu of more detailed analyses in this study. They were generated based on detailed
analysis of four types of discontinuities: large steam penetrations, the junction of the wall and the basemat, personnel or
equipment hatches, and the springline.

These strain magnification factors account for the effects of multiaxial stress states. They also include a “gauge
length” factor of 4.0 to account for the fact that localized strains at a tear are much higher than those observed in strain
gauges or in analyses. To use the strain magnification factors to check for failure, one first computes the globa strain,



at the discontinuity location in question. The magnification factdr, is a function of that global strain. The localized
plastic strain,&, , is then simply computed as:

&p = Mg, (1)
If £,is greater than the uniaxial plastic failure strain of the liner matexjg,, a tear, and hence, a leak, has initiated.

Corroded Region Models

As previously mentioned, the effect of corrosion is evaluated at two locations: near the wall-basemat junction, and
near the containment mid-height. Corrosion is assumed to have penetrated 50% of the liner thickness in both cases. In the
case of the mid-height model, corrosion is assumed to have occurred over a region 8 cm wide and 13 cm high. Near the
basemat, the corroded region is 25 cm wide and 18 cm high. 2D plane stress finite element models of both regions were
developed, and are shown in Figure 2. In both cases, there is a one-element wide transition region between the corroded
and normal areas in which the liner has 75% of its original thickness. The studs that attach the liner to the concrete wall are
modeled by a nonlinear force-displacement relationship.

The results from the local models are post-processed to determine the point at which tearing occurs. Similar to the
approach in [3], the effective plastic strains from the analysjg,; are multiplied by factors to account for the multiaxial

stress state, the effect of corrosion on the failure strain, and the model sophistication, or gauge length:
Ep= fmfefg€pen (2
The factored plastic strairg,, has the same meaning as in Equation 1. Failure can occur anywhere in the moded when

is greater than the uniaxial plastic failure strain of the material. The multiaxial stress state factor used in this study, denoted
as f,, isthat developed in [5]:
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where g, are the principal stresses awoq,, is the von Mises stress.

It has been found [3] from experiments that when a plate is thinned by corrosion, tearing occurs at about 50% of the
strain at which tearing in a plate locally thinned by other means would occur because of local pitting. The local strains are
multiplied by a corrosion factorf; of 2.0 to account for that effect. The gauge length factgris set to 4.0 in this study.

This corresponds to the gauge length factor of 4.0 inherent in the magnification factors used for discontinuity locations in
Equation 1.

Fragility Analysis
Fragility curves were developed for the containment in its original condition, as well as with corrosion near the wall-
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basemat junction and near the mid-height. Latin hypercube sampling was used to generate 30 sets of 15 random variables.
Of these 15 variables, 13 describe the inherent randomness in the basic properties of concrete, reinforcing bars, and liner
steel. The other 2 describe uncertainty in the ability to characterize the failure pressure.

Several of the random input parameters are correlated. For concrete, the tensile stf¢ngtid modulus of

elasticity, E., are correlated with the square root of the cylinder compressive strefgthRandom variables and
c, are used to induce that correlation with the following equations:

E. =c,6040Q/f' 4)
fi=c,83/f, ®)
For steel, the elastic moduluk is assumed to be independent of the yield strendth,and the ultimate strengtH,, .
Correlation is induced betweefy, and f, in a manner similar to that for concrete:
f,=syr f, (6)

where S, is a random variable with a mean of 1.0. The variables the mean ratio of the yield stress to the ultimate stress,

and differs depending on the type of steel. For Grade 40 reinforcement, a value of 0.6 was useédorGrade 50
reinforcing, this value was set at 0.62, and for the liner steel, a value of 0.535 was used.

Two separate variables are used to describe the epistemic uncertainty. One describes the uncertainty inherent in
predicting the global strains, while a second accounts for the uncertainty in the local strain magnification factors. The
global strains are multiplied by the global uncertainty factor, and then those modified strains are used in the local
submodels. The local uncertainty factor is multiplied by the gauge length factor in the local finite element models, and by
the strain magnification factors for the other local discontinuities.

Table 1 shows each random input parameter, along with its mean value, a measure of the assumed variation, and the
type of distribution. For variables with normal distributions, the coefficient of variation (COV) is used as the measure of
variation, while for variables for which a lognormal distribution is used, the measure of variaffan is

Once the 30 analyses were run for each case, the failure pressures were sorted to form fragility curves. Figure 3 shows
the fragility curves obtained for the containment with corrosion degradation near the mid-height and near the base, along
with the fragility of the containment in its original condition. Lognormal distributions were fitted to these fragilities, and
used as input for the risk model to avoid issues with the tails of the raw fragilities. In the case of the un-degraded
containment, the mean failure pressure of the fitted distribution is 909 KPA mel115. This compares fairly well with

the fitted fragility curve for the same containment in the NUREG-1150 study [10], which had a mean of 879 KP&aind a
0.147. For the case of degradation near the basemat, the mean is 892 K ja0d 08. With degradation near the mid-
height, the mean is 825 KPa, arglis 0.162. It is apparent from these results that corrosion near the mid-height has a much
greater impact on the failure pressure than does corrosion near the basemat.

RISK ASSESSMENT OF PLANT WITH DEGRADED CONTAINMENT

The risk assessment model developed for an actual PWR plant with an RC containment in the NUREG-1150 study [10]
is used to assess the effect of containment degradation on the overall risk in the current study. The model is documented in
detail in [2]. Itis important to re-emphasize that the analysis that follows, although based on an actual plant, is intended to
be generic and not representative of actual conditions at that plant.

The risk model uses a stratified LHS procedure for efficient representation of the uncertainties. These uncertainties
exist in all the individual portions of the risk analysis—the Level | core damage frequency estimation, the Level Il accident
progression and source term evolution calculations, and the Level 1l public consequence determination. A total of 130
parameters have uncertain values in the analysis, and a sample size of 200 is used. These 130 variables represent much
more than the containment failure pressure. They include component failure data, in-vessel phenomena, and containment
loading physics. For each sample member, each parameter value is a discrete number, and for each set of such discrete
numbers, the entire risk analysis was run, including all core damage sequences, all possible paths through the accident
progression event tree, and, if the particular analysis required it, all source term releases and health consequences (the latter
two are not needed for this application). Hence, each of the 200 runs can be viewed as a separate, complete, defensible
answer of the risk of the plant.

The approach in this study is to perform calculations with the PRA model developed in the NUREG-1150 study but to
substitute the containment fragilities developed in the current study for those used in the original study. These calculations
are carried through the Level 2 portion of the overall risk assessment. The new un-degraded containment fragility



Table 1:

Random Input Parameters

Material Property Mean COV/g | Distribution
Concrete Compressive Strengthf(,) | 27.6 MPa 0.15 Lognormal
Elastic Modulus factor ¢, ) 1.0 0.077 Normal
Tensile Strength factorc, ) 1.0 0.196 Normal
Grade 40 Reinforcing Stee|]  Ultimate Strength () 1.0 0.09 Lognormal
Yield Strength Factor £, ) 1.0 0.07 Normal
Elastic Modulus E;) 200 GPa 0.06 Normal
Grade 50 Reinforcing Stee| Ultimate Strength () 1.0 0.09 Lognormal
Yield Strength Factor ¢4, ) 1.0 0.07 Normal
Elastic Modulus E;) 200 GPa 0.06 Normal
Liner Steel Ultimate Strength §,) 1.0 0.09 Lognormal
Yield Strength Factor $4, ) 1.0 0.07 Normal
Elastic Modulus E;) 200 GPa 0.06 Normal
Uniaxial Failure Strain £ ) 0.25 0.12 Normal
Epistemic Uncertainty Global Strains 1.0 0.30 Normal
Local Strain Factors 1.0 0.40 Normal

developed in this study is used in place of the original fragility. For this application, it is important to find the change in
risk, so it is critical that the fragilities accounting for degradation be developed using methodologies similar to those used

for the fragility of the un-degraded containment.

The risk model uses the containment fragilities to determine whether containment leakage occurs during a given
accident sequence. If a hole is large enough to de-pressurize the containment in less than about two hours, it is considered a
“rupture”. A smaller hole is designated as a “leak”. A “catastrophic rupture” has occurred if a substantial portion of the
containment ruptures. Probability distributions were developed based on expert opinion to estimate which of these failure
mode occurs under a given loading pressure. As the loading increases, the probability of a large failure increases. In
reality, the size of failure is a continuous function of the loading pressure. For computational convenience, however, these
distributions are treated discretely rather than continuously. Accident progression sequences are placed in “leak”,

“rupture”, and “catastrophic rupture” bins based on these discrete distributions.
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Because the issue of corrosion, and more broadly, the issue of containment failure pressure, does not affect the core
damage frequency for the example plant, there was no need to re-run the Level 1 PRA. For applications to other types of
plants, this likely will not be the situation.

Results
Table 2 shows the CDF values computed from the analyses. Because the containment response does not affect the
CDF for this particular plant, the results are the same for all of the cases studied.

Table 2: Core Damage Frequency tyr

50%
1.5E-5

95%
1.3E-4

Case Mean 5%
All 4.0E-5 6.8E-6

Table 3 shows the LERF results, and Table 4 shows the probability of early containment failure conditional on core
damage. These results are self-explanatory with one notable exception. The actual computed mean values show that
having corrosion near the basemat slightly decreases the probability of a large early containment failure. Examination of
the results showed that the mean of the early containment leakage probability increased by the same amount that the mean
of the large early containment failure probability decreased. This difference was due to just one sample member, in which
the containment loading pressure was very close to the containment failure pressure and to the discrete point that
determines whether leakage or rupture occurs. With the analysis of the results showing this, it was felt that listing a risk
decrease for corrosion near the basemat would be highly misleading. Hence, the early large and leak failures have been
combined together for this case. In all of the other cases considered in this study, no early leakage failures were observed.

Table 3: Large Early Release Frequencyjyr

Case Mean 5% 50% 95%
Un-damaged (NUREG-1150), 1.7E-7 0 0 2.2E-6
Un-damaged (Current Study) 1.7E-7 0 0 2.9E-6
Corrosion near basemat 1.7E-7 0 0 2.9E-6
Corrosion near mid-height 1.9E-7 0 0 3.8E-6
Table 4: Probability of Early Containment Failure Conditional on Core Damage

Case Mean 5% 50% 95%
Un-damaged (NUREG-1150), 0.0042 0 0 0.017
Un-damaged (Current Study)]  0.0043 0 0 0.022
Corrosion near basemat 0.0043 0 0 0.022
Corrosion near mid-height 0.0048 0 0 0.029

Comparison of Results with Acceptance Criteria

The risk criteria for acceptance of a proposed plant change in Regulatory Guide 1.174 [12] are the baseline values of
CDF and LERF, and the changes in those values due to the proposed modification, ded@&dandALERF. In[12],
plots of ACDF vs. CDF and\LERF vs. LERF are divided into three regions. In the area denoted as Region I, the risk of
the proposed change is deemed too high to be acceptable, and the change is not permitted. In Region I, the risk increase is
considered small, and the change is permitted. In Region Ill, the risk increase is considered very small, and the change is
permitted.

If CDF is below about 10 andACDF is below 10, the change would fall into Region IlI for that criterion. For the
LEREF criterion, the change is in Region Ill if LERF is below abouP EMdALERF is below 10. These acceptance
criteria must be met for both the pairs®EDF and CDF and aALERF and LERF.

Because CDF is unaffected by the containment performance in this particular il is 0, so the effects of both
types of degradation investigated here clearly fall within Region Il for the CDF acceptance criterion. In Region Ill, it is
not actually necessary to compute the baseline CDF, although for these analyses, the mean CDF was computed, and has a
value of 4x1@, which is clearly acceptable. There is no change in LERF relative to the un-damaged containment in the



case where corrosion exists near the basemat. When corrosion is introduced near the mid-height, there is a small but
measurable increase in LERF. In this caSeERF is 2x1¢, which is also within Region I11.

If the corrosion is treated as a plant modification, the change in risk is small enough that it would be permissible under
the guidelines of Regulatory Guide 1.174. However, in the same guide, it is also stated clearly that the intent of the risk-
informed decision-making approach is not to relieve licensees of their duties simply because a course of action is shown to
have acceptably small risk consequences. Insights gained in an analysis like this can help plant operators and regulators set
priorities. Perhaps repair of liner corrosion such as that investigated here could be temporarily delayed to allow for more
critical repairs to be made because the risk effect of the corrosion is low. The information from this investigation could
also help guide the inspection regimen. It seems clear, however, that allowing a licensee to not repair a corroded area of a
containment liner, except perhaps on a temporary basis, is against the spirit of Regulatory Guide 1.174 and against good
engineering practice.

CONCLUSION

A risk-informed analysis of the effects of corrosion in the liner of a reinforced concrete containment at a “typical” U.S.
pressurized water reactor nuclear power plant has been performed. Global structural behavior and local effects in the
corroded regions have been characterized using nonlinear finite element analysis. Strain magnification factors were used to
approximate the strain localizations at penetrations and other discontinuities in the liner. Fragility curves of the pressure
capacity of the containment in its original and degraded states were developed using Latin hypercube sampling. These
were used with a probabilistic risk assessment model of the plant to determine the effect that the containment degradation
has on the risk. It was found that the risk associated with the degradation was acceptably low according to regulatory
guidelines. However, caution should be exercised in applying the risk results to determine an acceptable course of action
because other criteria need to be satisfied in addition to the risk criteria. Similar investigations are currently underway for
other types of plants, and the findings may differ considerably from those presented here.
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