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ABSTRACT

The treatment of dependencies between seismic failures of structures and components in nuclear power 

plants (NPP) has a significant impact on the risk estimates derived from seismic probabilistic safety 

analysis (PSA). The frequently adopted, simplifying assumption of complete dependence between 

identical components of redundant safety system trains is known to be conservative.

The present contribution follows up on a paper on the “Integration of correlation models for seismic 

failures into fault tree based seismic PSA” presented at SMiRT 21. One of the most important 

assumptions used in that paper consisted in adopting the response correlations proposed in the context of 

US seismic risk assessment studies in the 1990s (NUREG-1150). 

In quantitative terms, response correlation consists in the correlation coefficient between a representative 

seismic demand parameter (e.g. horizontal acceleration at the support) of two distinct components. Of 

particular interest is the correlation between the responses of identical components of redundant trains of 

critical safety systems, e.g. the medium-head safety injection pumps of the emergency core cooling 

system.

In the present paper, correlation data based on a 3D finite element analysis of the four-loop PWR EPR are 

presented. These data are instrumental in order to substantiate assumptions regarding seismic-induced 

common-cause failures, especially in the context of refined seismic PSA modelling for those components 

which are found to be leading risk contributors in a standard seismic PSA.  

INTRODUCTION

The context of the present paper is the seismic risk assessment of nuclear power plants (NPP), mainly via 

seismic probabilistic safety analysis (PSA) and, to a lesser extent, via seismic margin assessment (SMA). 

In seismic PSA, the probability of seismic-induced failures of individual systems, structures and 

components (SSC) is modelled by fragility curves, expressing the failure probability as a function of the 

level of ground motion. 

As opposed to hazards acting on a limited set of SSC, seismic ground motion represents an extended

hazard, i.e. during a seismic event all components are subject to some degree of inertial loads induced by 

the ground motion. This raises the issue of mutual dependence (or alternatively, correlation) between 

seismic induced failures, i.e. the question whether the seismic induced failure of a component is more 

probable, under the condition that another component has experienced seismic induced failure. A high 

level of correlation between identical SSC from redundant safety trains reduces the effectiveness of the 

safety principle “redundancy” in case of earthquake.

Several studies indicate that the assumed level of correlation has a strong impact on the seismic induced 

core damage frequency (CDF). See Ravindra and Johnson (1991) and Watanabe et.al. (2003). 
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In most seismic PSA, the seismic induced failures of redundant components from different safety trains 

have been assumed to be fully dependent, i.e. if one component fails, it is assumed to fail in all safety 

trains, irrespectively of the intensity of the ground motions. In most cases, this assumption will lead to 

conservative seismic PSA results. In order to obtain more realistic results – or simply to quantify the 

degree of conservatism – alternative methods have been proposed as early as in the US risk study 

NUREG-1150, by Bohn and Lambright (1991). See Pellissetti and Klapp (2011) for additional references.

In the US risk study NUREG-1150 the dependencies between seismic failures were modeled in terms of 

the correlation coefficients between the variables characterizing the seismic demand and capacity of the 

SSC. The separation of the correlation coefficients of demand and capacity reflects the difference in their 

respective cause: the correlation of the demand variables – referred to as response correlation in the 

sequel – is due to similarity of the excitation experienced by distinct components (e.g. due to spatial 

proximity) whereas the correlation of the capacity variables is due to similarity in terms of the seismic 

design of the components (e.g. due to the fact that they have been manufactured by the same supplier or 

that the same anchorage design is used). 

The present paper focusses on the response correlation. Based on 3D finite element analyses of the four-

loop pressurized water reactor (PWR) EPR™, data are presented which indicate the level of correlation, 

the factors on which the correlation depends and the effects of correlation on the probability of 

simultaneous failure of multiple safety trains.

PHYSICAL LAYOUT AND SPECIFICATION OF UTILIZED RESPONSE DATA

The basis of the present study consists in acceleration time history data, produced with the 3D-model of 

the EPR reactor and safeguard buildings shown in the left portion of Figure 1 below. The reactor building 

is the cylindrical structure in the centre, whereas the safeguard building is constructed around the reactor 

building in three out of four quadrants. The structure connecting to the reactor building in the fourth 

quadrant is the fuel building. The global coordinate system (x;y;z) is shown in the lower left corner.

The response quantities that are analysed in the present study are the absolute horizontal accelerations at 

nodes that are located approximately at the origin of the local coordinate systems (u;v) shown in the sub-

figures in the right portion of Figure 1 below. The top sub-figure shows the location of train 1 of the 

safeguard systems, whereas the bottom sub-figure shows the location of trains 2 and 3. The layout of the 

building housing train 4 is on the opposite side from and identical to train 1 and thus not shown in the 

figure below.

Part of the equipment in trains 2 and 3 is oriented differently – by an offset of 90° - from the 

corresponding redundant equipment in trains 1 and 4; note the local coordinate systems (u;v) in the right 

portion of Figure 1. Therefore, in the quantitative studies presented in this paper the correlations between 

the accelerations of different trains are analysed using i) the same global horizontal component 

throughout (e.g. correlation between x-direction of train 1 and x-direction of train 2) and ii) different

global horizontal components for the analysed (e.g. correlation between x-direction of train 1 and y-

direction of train 2).

For the present study a set of eight acceleration time histories is available. Each of the eight time histories 

relates to a different site condition, specified in terms of i) soil properties and ii) ground response spectra.

The ground response spectra used in the sample have the same peak ground acceleration (PGA) of 0.45 g 

(horizontal component); three different spectral shapes (EURH, EURM and a site specific design 

spectrum), are used.
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Figure 1. Left: 3-D finite element model of the reactor building; right: plan view of the location of 

components (top: train 1; bottom: trains 2 and 3); (u;v) are local coordinate systems

CORRELATION BETWEEN SPECTRAL ACCELERATIONS

In the Figure 2 below, two scatter plots are shown for the spectral accelerations (SA) in train 1 (abscissa) 

and train 2 (ordinate). Each marker point refers to a different site condition. The difference between the 

two plots is the frequency to which the SA refers: for the plot on the left, the SA for 5 Hz are used, for the 

one on the right, the SA for 10 Hz are used.

The figure shows qualitatively that the degree of correlation between SA depends on the frequency. In 

order to study the degree of correlation quantitatively, the correlation coefficient between the SA of train 

1 and train 2 is analysed. The correlation coefficient between two random variables ! and " is defined as:
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where &( and %( are the mean values and &' and %' are the standard deviations of ! and ",

respectively. In the left portion of the following Figure 3 the correlation coefficient between the SA of 

train 1 and train 2 is plotted as a function of the frequency. This plot confirms the frequency dependence 
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of the correlation: while at lower frequencies (up to around 3 Hz), there is essentially full correlation, at 

intermediate frequencies (between 3 and 10 Hz), there is a strong deviation from full correlation. 

Figure 2. Scatter plots of pairs of SA (D=5%); abscissa: SA in x-direction for train 1; ordinate: SA in y-

direction for train 2. Frequencies of response spectra: 5 Hz (left) and 10 Hz (right)

Figure 3. Left: Correlation coefficients between SA (D=5%) for x-direction of train 1 and y-direction of 

train 2; right: median SA, x-direction for trains (1;4), y-direction for trains (2;3)

It is interesting to note that there is a link between the correlation coefficient and median response spectra, 

shown in the right portion of the above Figure 3. Firstly, the first significant drop of the correlation 

coefficient – for train 1 and 2 - takes place at around 3 Hz. This is precisely the frequency where the 

response spectra of trains 1 and 2 (blue and green line, respectively) start to deviate from each other.

Secondly, the frequency range where the correlation coefficient in the left portion of Figure 3 has a 

plateau close to unity, is around 15 Hz. This corresponds to the range in the right portion of Figure 3 

where the response spectra of trains 1 and 2 re-approach each other.

However, other factors than the deviation – or lack thereof - between the median spectra influence the 

correlation coefficient. Consider the range between 7 and 9 Hz: the median response spectra are nearly 

identical, but the correlation coefficient varies over a wide range.
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It is noted that the correlation coefficient estimates are judged to have a significant amount of uncertainty 

due to the limited sample size (eight site conditions). However, it is judged that the above observation 

regarding the frequency range dependence of the correlation holds regardless.

INFLUENCE OF DAMPING AND FREQUENCY VARIABILITY

Even nominally identical equipment is expected to exhibit slightly different damping and natural 

frequencies. In order to study the influence of this variability, the analysis presented in the previous 

section is repeated, but with perturbed damping coefficients and frequencies at which the response spectra 

are evaluated. For that purpose, both for the damping and the frequencies a random 8x8 array is

generated, with a rather moderate coefficient of variation of 5%. The first dimension of the array accounts 

for the fact that for each site condition there are eight different time histories (four trains with two 

directions each). The second dimension of the array is for the eight different site conditions.

The resulting correlation coefficients are shown in Figure 4 below. Comparing this figure with Figure 3, 

in which the damping and frequency variability was not considered, it can be observed that there is no 

qualitative difference. Thus, damping and frequency variability between individual components is not 

judged to be an important factor for the response correlation between different safety trains.

Figure 4. Correlation coefficients between the SA (D=5%) for x-direction of train 1 and y-direction of 

train 2, under consideration of variability in damping and modal frequencies

CUMULATIVE ABSOLUTE VELOCITY (CAV)

For a given acceleration time history ! "ta of duration T , the CAV value is defined as:

! "dttaCAV
T

,+
0

(2)

For each of the eight acceleration time histories available for the present study the CAV value is 

evaluated, in both directions of each train. The correlation coefficient (see Equation (1)) between pairs of 

CAV values corresponding to different trains is estimated using the resulting sample of size eight.

In the following tables the correlation between the CAV-values is summarized. Clearly, the correlation 

between the CAV values is generally quite high. An important factor behind this behaviour is the strong 

motion duration, which is the same for all four trains. A somewhat lower correlation can be observed 
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between some of the trains with different orientation: consider e.g. the correlation coefficient of 0.58 

between trains 3 and 4 in Table 2.

Table 1: Correlation coefficients for CAV values; same orientation (x-direction)

CAVx (Train 1) CAVx (Train 2) CAVx (Train 3) CAVx (Train 4)

CAVx (Train 1) 1 0.89 0.91 0.97

CAVx (Train 2) 0.89 1 1 0.93

CAVx (Train 3) 0.91 1 1 0.94

CAVx (Train 4) 0.97 0.93 0.94 1

Table 2: Correlation coefficients for CAV values; different orientation

CAVx (Train 1) CAVx (Train 2) CAVx (Train 3) CAVx (Train 4)

CAVy (Train 1) 1 0.88 0.72 0.97

CAVy (Train 2) 0.88 1 0.94 0.82

CAVy (Train 3) 0.72 0.94 1 0.58

CAVy (Train 4) 0.97 0.82 0.58 1

FRAGILITY OF A SAFETY FUNCTION

The present section analyses the impact of different correlation models on the probability of failure of a 

safety function, assuming that the function is provided by 4 times 50% redundant trains, i.e. two correctly

functioning safety trains are sufficient to fulfil the safety function.

First, the median SA (5% damping) as well as the coefficients of variation are estimated for each of the 

four trains, based on the sample of eight site conditions. As far as the frequency of the SA is concerned, 

three frequencies have been investigated (1 Hz, 5 Hz and 10 Hz). The fundamental horizontal frequency 

of numerous NPP equipment items is contained in this range.

On the basis of the median SA and coefficients of variation, a sample of size one thousand is generated 

for the SA for each train. As far as the correlations between the individual trains, three different cases are 

investigated:

- Full correlation: in this case, the variability – i.e. the deviation from the median - of the SA of the 

four trains is assumed to be fully correlated. Note, however, that the different magnitude of the

variability is accounted for.

- No correlation: in this case, the variability of the SA is assumed to be uncorrelated.

- Realistic correlation: in this case, the correlation of the original data is estimated. Then, a 

correlated sample of the SA of the four trains is generated, using the Cholesky decomposition of 

the correlation matrix of the original data.

In order to cover a wide enough range of the fragility curve, i.e. in order to obtain failure probabilities for 

ground motion levels different from the one used in the dynamic analyses (0.45 g PGA), the sampled 

acceleration values are scaled. For each of the twenty (deterministic) scaling values, the failure 

probability is determined as described next:
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Failure of an individual train is assumed if the SA exceeds a certain threshold value. For this study no 

particular seismic capacity data for individual SSCs are available. Thus, the threshold value is simply

defined as two times the largest median SA of all four trains.

The event of interest, i.e. failure of the safety function (simply denoted as “failure” in the ordinates of 

Figure 5 below) is assumed to occur if failure occurs in more than two (i.e. at least three) out of four 

individual trains, i.e. if the acceleration threshold is exceeded in more than two trains.

Figure 5. Fragility curves for failure of more than two out of four trains due to exceedance of SA (D=5%) 

threshold, x-direction for trains (1;4), y-direction for trains (2;3). Top: 1 Hz; bottom left: 5 Hz; bottom 

right: 10 Hz

In addition to the three cases mentioned above, a so-called “enveloping fragility curve” (blue solid line) is 

shown in Figure 5 above. This curve represents the fragility curve one would typically use in a seismic 

PSA, in order to be conservative. It is obtained by using the highest median acceleration and the highest 

coefficient of variation of all four trains. This curve is conservative in two ways: firstly, full correlation is 

assumed. Secondly, and even more penalizing, the same (high) median acceleration is assigned to all four 

trains.

The results shown in Figure 5 above indicate that the fragility curves are not very sensitive to the level of 

correlation (“full”, “no” or “realistic”) between the individual trains. Indeed, the green solid, red dashed 

and black dashed lines are relatively close to each other. In contrast, with the exception of the 1 Hz case, a 

very significant shift between the first three fragility curves (green, red, black) and the „enveloping“ one 
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(blue) can be observed. As mentioned above, this is due to the fact that in the enveloping fragility curve 

the difference between the median SA of the four trains is not taken into account. 

The direct dependence of the observed shift on the median acceleration of the individual trains can be 

confirmed by the right portion of Figure 3, showing the median SA:

- At 1 Hz, the median SA are identical; thus, there is no shift between the “enveloping” fragility 

(blue) and the ones with full or realistic correlation (green and black). The red fragility curve (no 

correlation) is slightly distinct, because – even though the medians are identical - there is 

variability in the SA.

- At 5 Hz, the largest median is larger than the two smaller ones by a factor of approximately two. 

This is in very good agreement with the shift of the fragility curves in Figure 5, measured by the 

ratio between the median capacity (i.e. the PGA at which the probability of failure is 50%) of the 

“non-enveloping” fragility curves (around 1.8 g) and the median capacity of the enveloping 

fragility curve (0.9 g).

- Similarly, at 10 Hz, the largest median is larger than the two smaller ones by a factor of 1.3 in 

Figure 3 (x-direction for trains (1;4) and y-direction for trains (2;3)). Correspondingly, the shift is 

around 1.3 in   Figure 3 (median capacity at 1.1 g to 1.2 g for the non-enveloping fragilities and 

0.9 g for the enveloping one).

SENSITIVITY TO ORIENTATION

The response correlation data presented in Figures 2 through 5 in the previous sections relate to the case 

in which the orientation of the vulnerable axis of the SSC of interest would be different for trains (1;4) 

and (2;3), respectively.

In the present section, it is shown that the orientation has relatively low impact in qualitative terms on the 

results. More specifically, the comparison between figure 6 (same orientation) with figure 3 (different 

orientation) shows that the frequency-dependence of the correlation is similar, irrespectively of the 

orientation. 

Similarly, comparing Figure 7 with the bottom part of Figure 5 shows that, qualitatively, the observation 

regarding the offset between the fragility of the enveloping train and the fragilities based on train-specific 

median accelerations are confirmed. In quantitative terms, for the 10 Hz case the offset is actually larger 

if all four trains have the same orientation. Note that the enveloping fragility curves are the same in

Figure 5 and Figure 7. This can be explained by considering the median SA in the right portion of Figures 

3 and 6: at the frequencies 5 Hz and 10 Hz the largest median SA of all four trains – which governs the 

enveloping fragility - is quite exactly the same in both Figures.
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Figure 6. Left: Correlation coefficients between the SA (D=5%) for x-direction of train 1 and x-direction 

of train 2. Right: median SA, x-direction for all trains

Figure 7. Fragility curves for failure of more than two out of four trains due to exceedance of SA (D=5%) 

threshold, x-direction for all trains. Left: 5 Hz; right: 10 Hz

CONCLUSIONS

The present paper investigates i.) the level of correlation of the seismic-induced vibrations at four 

different locations of the safeguard buildings, and ii.) the consequences of different correlation 

assumptions for the probability of losing a safety function, taking into account redundant safeguard trains.

Based on the results presented in the previous sections, the following observations are judged as 

important and corresponding conclusions are drawn:

- In the 3 to 10 Hz frequency range there is a significant decrease in the correlation between the SA

of distinct trains.

- There is a link between the frequency dependence of the correlations and the median response 

spectra. The frequency ranges where a drop in the correlation can be observed overlap with the 



23
rd

Conference on Structural Mechanics in Reactor Technology

Manchester, United Kingdom - August 10-14, 2015

Division VII

frequency ranges where the median response spectra of distinct trains diverge from each other. 

This is also indicated by the fact that intermediate peaks in the correlation (along the frequency 

axis) happen to occur at frequencies where the response spectra of distinct trains re-approach each 

other.

- The consideration of uncertainty regarding the damping and the modal frequencies is found to 

have a relatively small impact.

- The correlation between the CAV values is found to be high. This is related to the fact that the 

CAV strongly depends on the duration of the strong motions, which is similar for all four trains.

- Fragility curves for the event “simultaneous failure of multiple safety trains” are found to be 

relatively insensitive to the level of correlation (“full”, “no” or “realistic”) between the individual 

trains. Instead, it is found that the difference between the median SA of the distinct trains causes a 

very significant shift of the fragility curves compared to the “enveloping” fragility curve, 

exclusively based on the highest median SA of all four trains. The additional margin of a 

redundant safety function depends on the natural frequencies of the equipment; however, in the 

investigated case study the additional margin amounts to 30% to 50% for most of the frequency 

range above 3 Hz.

- In this study, the different orientation of equipment – due to the layout of the individual safeguard 

trains – is found to have no significant qualitative impact. In particular, the data do not justify the 

general conclusion that there is less correlation between differently oriented equipment.
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