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ABSTRACT

This paper describes an improved and more realistic methodology for analysis of correlation or 

dependency as part of the overall methodology of seismic PSA (SPSA) for nuclear power plants.  The 

focus is on those classes of structures, systems, or components (SSCs) for which the way correlations or 
dependencies are analyzed in SPSA makes an important difference to the SPSA results or to the safety 

insights derived from those results.  The fundamental questions are what is the joint probability of 

seismic-caused failure of two or more SSCs conditional on the occurrence of an earthquake of a given 
size, and how and why that joint probability may be different from the situation in which those failures 

are essentially independent.  An improved and more realistic methodology is identified and presented, its 

rationale is explained, and examples are provided to demonstrate how the methodology can be used in 
practice.

BACKGROUND

Seismic Probabilistic Risk Assessments (SPRA) have been conducted for a large number of

nuclear power plants worldwide in the last 35 years.  The methodology has progressed during that period 

of time and is currently well established with several technical references documenting the methodology.   
Seismic PRA is different from an internal-event PRA in several important ways: (a) Earthquakes could 

cause initiating events different from those considered in an internal event PRA, (b) All possible levels of 

earthquakes along with their frequencies of occurrence and consequential damage to plant systems and 
components should be considered, and (c) Earthquakes could simultaneously damage multiple redundant 

components or even multiple co-located nuclear units.  This major common-cause effect should be 

properly accounted for in the risk-quantification.

The fact that the frequency of occurrence of earthquakes near a nuclear power plant and the 
conditional probability of failure (commonly known as “fragility”) of structures, systems and components 

vary with the “size or intensity” of earthquake is properly accounted for in the quantification by 

convolving (i.e., integrating) the conditional probability of accident sequences (e.g., core damage 
sequences) over the earthquake hazard frequencies.  However, no satisfactory method is in widespread 

use to analyze how to treat the dependencies or correlations in the seismic capacities of SSCs and in their 

responses to earthquakes.  The analysts assume that identical redundant components located next to each 

other which are subjected to the same seismic responses would fail simultaneously.  This approach “one 
fails, all fail” has been known sometimes to be conservative and contributes to the uncertainty in seismic 

risk estimates. Conversely, for diverse components or for similar components that are in different 

locations in the plant, the analysts assume that their seismic capacities and responses are fully 
independent (or uncorrelated), which can sometimes be non-conservative.
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SCOPE OF THE RESEARCH PROJECT 

 
 The U.S. Nuclear Regulatory Commission (NRC) initiated the current research to explore this 

correlation-dependency issue and, if feasible, to recommend one or more improved analysis approaches.  

Specifically, although several methodologies for dealing with this issue exist in the literature and have 

been proposed or promoted by their developers as an improvement, no explicit evaluation of them has 
ever been accomplished.  Also, there has never been a directed review of the SSC-failure data base that 

might support any such improvement.  This research project has had as its aim to accomplish those review 

and evaluation tasks, leading to a proposal for an improved and more realistic methodology. 
 The NRC research program on this topic has been conducted by the NRC’s Office of Nuclear 

Regulatory Research at the Lawrence Berkeley National Laboratory.  LBNL’s in-house expertise was 

supplemented by a team of highly experienced outside experts.  That team, in turn, sought and received 
input, review, and advice from a larger group of SPRA experts.  

 

Initial Sensitivity Studies 

 
 Seismic fragility is a function of acceleration, or more generally of seismic ground motion.  At 

large ground motions, the probability of failure (the ordinate on the fragility curve) could be as high 0.9 or 

even 0.99.  The joint failure probability of redundant components at the large ground motions with perfect 
independence may not be much lower than that obtained with the assumption of “one fails all fail,” which 

is in stark contrast to sequences in the internal events PRA, where the addition of a redundant component 

will usually dramatically reduce the accident sequence frequency.  It is in the region in the lower half of 
the typical fragility curve, specifically at ground motion levels above which some damage may occur but 

below levels where damage is almost certain to occur, that there is the greatest potential sensitivity to 

whether the joint failure probability has an important dependency element.  Our review of existing SPRAs 

revealed that sensitivity studies have not been systematically conducted for the assumptions of perfect 
independence and perfect dependence.  During the current research, we performed several sensitivity 

studies of two and three component cut sets with different fragilities and hazards.  The results 

convincingly demonstrate that correlation (dependency) cannot be ignored.  Hence there is a need for a 
method for treating dependency more realistically. 

 

REVIEW OF EXISTING SEISMIC PRAs 

 
 A review was done of several seismic PRAs in the open literature, to ascertain how correlations 

and dependencies were dealt with in each of them and how sensitive the bottom-line results and the safety 

insights were to the approaches taken. The most important outcome of this review has been the 
identification of a list of those (few) categories of SSCs that make a “difference” if the approach made in 

the SPRA to analyzing correlations would be different from the customary assumptions of full 

dependence or perfect independence.  
 An expert team conducted reviews of the results from past SPRAs to identify categories of 

structures and equipment that met the following two criteria: 

 

1. They were observed to be within the group of dominant seismic risk contributors to a number of 
past SPRAs, and 

 

2. They were judged to have a high degree of potential correlation importance based on their 
numbers within the plant and their typical locations within the plant. 

 

 The outcome of this work, which used expert judgment to examine the SPRAs, is that the 
following SSC categories are judged to be those where, at least in many SPRAs, the approach to 
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analyzing correlation or dependency would make a difference to bottom-line seismic CDF or to the safety 

insights: 
 

1.    Masonry walls 

2.    Electrical:  motor control centers 

3.    Large tanks:  condensate storage tanks or other similar tanks 
4.    Small tanks:  diesel generator fuel oil day tanks 

5.    Heat exchangers:  such as component cooling water heat exchangers 

6.    Mechanical:   long shafted service-water pumps, horizontal auxiliary feed water pumps 
7.    Batteries and racks. 

 

REVIEW OF THE CURRENT TECHNICAL LITERATURE 
 

 The earliest attempt to treat the dependencies between seismic responses and between seismic 

capacities of components was in the seismic risk methodology developed under the Seismic Safety 

Margins Research Program at the Lawrence Livermore National Laboratory (Cummings et al., 1981). The 
local responses of different components located at different elevations in various buildings were 

represented by a joint lognormal distribution; similarly, the capacities of these components were also 

represented by a joint lognormal distribution.  The parameters of these distributions are the means, 
logarithmic standard deviations and the correlation coefficient.  The cut set failure is defined as all 

responses exceeding their associated capacities.  The probability of the cut set failure is calculated by 

integrating the multi-lognormal distribution over the region where the response exceeds the capacity. 
Computer codes called SMACS and SEISIM (Wells et al., 1981) were developed to perform the seismic 

response calculation and the seismic risk quantification, respectively.  Because the application of this 

methodology was both computationally intensive and data intensive, it was not used in almost any 

subsequent SPRAs.  However, it laid the foundation for seismic PRA as practiced today.  Using the 
results of the SSMRP methodology to perform two SPRAs as trial applications (for Zion and LaSalle), 

Michael Bohn (Bohn and Lambright, 1990) developed thumb rules for assigning the response correlation 

coefficient, thus bypassing the case-by-case computations. The researchers at the Japan Atomic Energy 
Research Institute (Oikawa et al., 1998) have also applied and improved the SSMRP methodology for 

applications to Japanese nuclear power plants.  

 When identical components are located on the same floor slab, the calculation of their correlated 

failure probability could be performed using a model proposed by Mankamo (1977).  He derived an 
expression for probability of failure of multiple redundant components as the single component failure 

probability P1 raised to the power nk.  The value of nk approaches 1 for perfect dependence between 

component failures. 
 Reed et al. (1985) described a procedure to estimate dependency between component failures by 

searching for common sources of variability in the response and strength calculations.  The dependency in 

the structural parameters can be quantified by examining the process in which the individual factors of 
safety in a fragility assessment are developed. This procedure, herein called the “Reed-McCann 

Procedure” was identified by the project team as the most promising and the most easily adapted for 

SPRA purposes.  This method is discussed in detail with examples. 

 More recently, Pellissetti and Klapp (2011) have proposed an approach that uses the traditional 
Common Cause Failure (CCF) model for internal events PRA employing beta factors.  The beta factor is 

derived by equating the joint probability of failure of components in the cut set to the probability of a cut 

set represented in the CCF model. The authors have not applied the procedure to identical components 
located next to each other (making the response correlation coefficient equal to 1). 

 

 

REVIEW OF EARTHQUAKE DATA AND QUALIFICATION AND FRAGILITY DATA 

 



 

23rd Conference on Structural Mechanics in Reactor Technology 

Manchester, United Kingdom - August 10-14, 2015 

Division VII Paper 21 

 

 Part of the project scope has been to examine the test data and earthquake experience data to 

determine whether they can provide adequate support for determining dependencies, if only perhaps for 
some classes of SSCs.  A review of these data, supplemented by consultation with other experts whose 

familiarity with the data is extensive, led the project team to conclude that the data are inadequate for the 

purposes of supporting an informed approach to analyzing dependencies.  This conclusion was reinforced 

when the project team discussed this issue with a group of outside experts during the first project 
workshop in June 2011; it was reinforced again during the second project workshop in November 2012. 

 

WORKSHOPS 
 

 The first project Workshop was held in June 2011.  Several invited experts were asked to provide 

review and feedback on the project’s progress up to that time.  The main emphasis was on identifying 
possible data bases that might help the project team on the correlation issue.  Among the Workshop’s 

conclusions were:   

 

• Based on the review of about 10 SPRAs, it was agreed that for some nuclear power plants, the 

SPRA analysis results can be quite sensitive to the way the analyst treats correlations among the 
failures.  For many PRAs, the bottom-line core-damage frequency (CDF) numbers are not very 

sensitive to the correlation issue, but the risk insights are sensitive to the correlation assumptions 

in the analysis. 
 

• General agreement emerged that the part of the SPRA analysis where the sensitivity to the 

correlation assumptions is greatest is in the region of the seismic fragility curve between about 

5% and about 25% or 35% probability of failure. 
 

• Seismic experience data:  a broad consensus emerged that these data are not particularly useful 

for this project’s purposes except in a few targeted areas.  This is because the experience data do 

not include many data (either failures or successes) at the higher earthquake levels that are of 

most interest in the SPRAs.  Another reason is that the few data that are available are typically 
very difficult to interpret.   

 

• Seismic qualification tests:  There is an extensive data base of qualification tests, and the 

Workshop discussion examined the usefulness of this category of data.  The broad consensus was 
that there is rather little in the way of data about correlations among failures in this literature, 

because of the way the tests were conducted and documented, including the fact that much of the 

testing did not test an item up to shaking levels leading to failure, and that often only a single item 
was tested.  Hence, except for some very narrowly focused test runs on a few subcomponents, 

there is little to be gained from examining this data set in depth. 

 

 The second project Workshop was held in November 2012.  Six invited experts were asked to 
provide their expert judgments about the best way to analyze correlations or dependencies for SPRA.  At 

this Workshop, some specific questions were posed to the invited experts, which questions then resulted 

in a discussion of each followed by an attempt to ask each expert for his judgment or interpretation of the 
evidence.  As discussed below, the experts were asked for their individual and then their collective 

judgments or interpretations about what they believed to be the dominant issues affecting the correlation 

or dependency between two SSCs or among more than two SSCs.  The idea at this Workshop was to 

assure that, for each “problem,” the experts had enough time for discussion that they could agree on the 
available relevant evidence. Each was then asked for his own recommended approach, and this was 

followed by group discussion, leading to individual judgments that the other experts might or might not 

agree with.  The approach used for each SSC category was to discuss the “split fraction,” a number 
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between 0 and 1. As it turned out, there was broad agreement that the “split fraction” approach was not 

necessarily the best way to express the experts’ judgments about the correlations among SSCs in any 
given SSC category.  Instead, the group settled on what it considered a better approach, the so-called 

“separation of independent and common variables” method. 

 

THE “SEPARATION OF INDEPENDENT AND COMMON VARIABLES” METHODOLOGY  
 

 Reed et al. describe a procedure to estimate dependency between component failures by 

searching for common sources of variability in the response and strength calculations.  The dependency in 
the structural parameters can be quantified by examining the process in which the individual factors of 

safety in a fragility assessment are developed.  For example, two components in a building are dependent 

on each other and on the building through the building response factors (i.e., soil-structure interaction, 
spectral shape, frequency, damping and mode shape).  Thus, the corresponding uncertainty and 

randomness β values for each of these factors will be the same for both components if they are perfectly 

dependent.  One exception may be the β values for the building modeling factors (i.e., frequency, 

damping, and mode shape) which could be different if the components are located in different parts of the 
building where support motion comes from different dynamic building modes.  The procedure for 

developing the system fragilities consists of two stages.  In the first stage, the median capacities of all 

components in the systems are sampled using a Latin Hypercube sampling technique.  The correlation 
between the median capacities is considered by performing the sampling in two steps.  In the first step, 

the logarithmic standard deviation for uncertainty βU' is used in place of βU where βU' is obtained using 
the following expression: 

 

βU' = (βU 2 -∑ βU*2)1/2 
 

 In this equation, the βU* is a common logarithmic standard deviation which exists between the 

component under consideration and other components.  Several βU* values are generally required to 
represent different groups of correlation.  For example, if components 1, 2 and 3 have a common building 

response βU* value (i.e., because they are in the same building) and components 1 and 4 have a common 

βU* value because of capacity (e.g., they are both the same type pumps); then, by using the above 

equation, the calculation of βU' for component 1 will require that two values of βU*2 be subtracted from 

βU
2. 

 After the sets of median capacity values are obtained using the reduced βU' values for the various 
components, modifications are made in the second step to account for the effects of dependency.  For 

each of the common βU* values, N correction factors are obtained using the Latin Hypercube Sampling 
procedure (i.e., equal probability slice and weighted random sampling within each slice) where the 

sampled distribution is lognormal with the median value of 1.0 and logarithmic standard deviation of βU*.  
Then the components in each set that have the common dependency are scaled sequentially by the same 

corresponding correction factors.  For example, if there are 10 sets and the components 1, 2 and 3 have a 
common dependency, then the first correction factor scales the median values for components 1, 2, and 3 

in Set 1, the second factor scales the same component values in Set 2, and so on. 

 This procedure is repeated for each of the common groups of dependencies.  After the scaling 
operation is completed, the N sets of median values reflect the inherent dependencies which exist in the 

median values. 

 In the second stage, for each set of correlated median capacity values, a single system fragility 

curve is calculated which reflects the dependency in the capacity values conditional on known correlated 
median values.  The capacities of components could be dependent because they may have some common 

dependent parts.  The fragility of an accident sequence is obtained by first calculating the fragility 

conditional on the given value of the common dependent variable and then integrating this fragility over 
the probability distribution of the common variable.  This is generally a multiple integration over the 
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common variables; such integration could become highly intractable when higher order (i.e., four or 

more) are to be evaluated.  The project team has proposed that in cases like this a Latin Hypercube 
Sampling be done to select a set of values of dependent variables and then to calculate the integrand 

consisting of independent failure probabilities. 

 

EXAMPLES OF TYPICAL CUT SETS 
 

 The proposed method has been applied to several component combinations that are encountered 

in the SPRA; two, three and four order cut sets with varying degrees of dependency between component 
failures.  As an example, Table 1 below shows the mean annual frequency for three component failures 

for different configurations.  The component fragilities (expressed in terms of median acceleration 

capacities and logarithmic standard deviations βR and βU) and the seismic hazard curves at the site were 
selected from representative seismic PRAs and the cutset fragilities calculated using the proposed 

methodology are shown in Figure 1.  It is seen in Table 1 that the proposed method of treating the partial 

dependency produces more realistic cut set frequencies for all the cases.  

 
 

Table 1: Mean Annual Frequency for Three Component Failures for Different Configurations   

 

Case 
 

Description 
 

Zero Dependency 
 

 
Separation of 

Independent and 

Common 

Variables 

Method 
 

100% Dependency 
 

Case 1 

Identical 

Components 
located side by 

side 1.02 E-6 1.15 E-6 4.16 E-6 

Case 2 

Identical 

Components  on 
Different Floors 6.14 E-7 6.65 E-7 2.12 E-6 

Case 3 

Different 

Components 

located side-by 
side 3.56 E-7 5.32 E-7 7.22 E-7 

Case 4 

Different 

components on 
different floors 2.42 E-7 2.27 E-7 5.41 E-7 

Case 5 
Union of 

Components 7.79 E-6 6.49 E-6 4.34 E-6 
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