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ABSTRACT

This paper presents an application of the EPRI methodology for determining the probabilistic seismic

structural response analysis (displacements and acceleration spectra). The objective is to explicitly account for the
variability in response due to randomness of the ground motion and uncertainty of the soil data and the building
dynamic behavior. The main challenge is to handle complex information and modeling in an industrial type study.
This study has been performed as a part of a SPRA of a power plant situated in a moderate seismicity area.
First the ground motion of the free field is determined on the basis of a Probabilistic Seismic Hazard analysis. The
median and the 84th percentile Uniform Hazard Spectra of 100,000 years return period are considered and artificial
earthquake time histories are generated. The material variability is considered for the Young’s moduli of the
materials, the damping of the structure and the soil shear modulus and material damping.

A Latin Hypercube sampling method was used in order to generate a relatively small but statistically

representative number of samples of material parameters and time histories. A statistical work has been done to
check out the relevance of the initial LHS estimates.
Best estimate mathematical building models were developed in order to perform the seismic response analysis. The
safety-related buildings were represented by 3D finite element models. The soil structure interaction was accounted
by coupling the FE code (Code Aster) with a boundary element code (Miss3D) which allows a realistic
representation of the soil profile. The influence of the building weight on the soil state of stress was taken into
account by a correction factor. The maximum soil shear strains expected during an earthquake that matches the
selected UHS level were determined by a non linear model (Cyberquake) and the shear modules of the soil layers
were reduced accordingly. The ground motion is imposed on the free surface. The deconvolution of the UHS
ground motion between the surface and the raft depth is determined by the resolution of the SSI problem.

The floor response spectra were generated on the basis of the time histories applied to the best estimate
model. Then the median and the 84th fractile were determined for further use in the SPRA analysis.

For the studied case, the results demonstrated the beneficial effect of the SSI for massive buildings founded on soft
soil. Our feedback is that the EPRI methodology provides a good balance between mathematical accuracy and
practicability required by complex industrial studies.

INTRODUCTION

The seismic probabilistic risk assessment (SPRA) for nuclear power plants is a cost-effective way to
evaluate the seismic ruggedness of a nuclear unit for beyond design basis earthquakes. The main objective is to
quantify the Core Damage Frequency (CDF) and the Large Early Release Frequency (LERF) due to the potential
effects of earthquakes. A SPRA has been carried out by EDF so as to explore the applicability of the method for the
rest of the EDF fleet of nuclear power plants. This method, based on the EPRI methodology, is documented in the
technical report [4] and is divided into 4 main steps:

1. Seismic hazard analysis

2. Component fragility evaluation
3. System analysis

4. Consequence analysis
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In order to perform evaluation of the component fragility (step 2) for a nuclear power plant located at a soil
site, it is most appropriate to perform Probabilistic Seismic Response Analyses which included the effects of soil-
structure interaction and also explicitly account for randomness of the input ground motion, uncertainty in the
structural modeling, and uncertainty in soil shear modulus and material damping. The goal of this study is to present
an application of the Probabilistic Structural Response Analysis for an EDF nuclear power plant located in a
moderate seismic area.

METHODOLOGY
The main steps of the Probabilistic Structural Response Analysis are:

1. A Latin Hypercube sampling so as to generate a set of 30 random values for the Young’s modulus of
reinforced concrete, the damping of the structure, and the soil shear modulus and damping

2. Generation of 30 time histories to match UHS ground motion determined from a Probabilistic Seismic
Hazard Analysis

3. Development of best estimate models so as to perform the analysis (mesh, material data, soil data)

Computation of the 30 SSI analyses according to the Latin Hypercube sampling

5. Statistical evaluation of seismic responses

e

The whole analysis is presented in the flow chart depicted in Figure 1.
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Figure 1: Probabilistic seismic response analysis flow chart

Latin Hypercube Sampling

Latin Hypercube Sampling (LHS) is used to account for the variability of parameters (such as material or
soil characteristics) and to propagate the uncertainty through the mechanical model. Actually it is a similar concept
as the one of Monte Carlo Simulation where a large number of deterministic computations is performed with
randomly chosen parameter values. But in the LHS method, the parameters values are sampled so as to best explore
the whole space of possible values, so that is can be considered as a good representative of the variability of the
parameters. This method generally enables the number of deterministic computation steps to be reduced, since it
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speeds up the convergence. LHS remains efficient even if a great number of random parameters has to be
considered. There are no theoretical results for error estimates in the general case but it can be shown that the LHS
estimators are unbiased with variance generally less than the one of the equivalent random sampling estimator.
Moreover, replication of samples is intended to estimate the sampling error in quantities derived from LHS [5]
Sensitivity of the output (quantities of interest) to the choice of the distributions of the input variables can be
assessed without further model runs by using the reweighting technique proposed in [6].

Selection of Input Ground Motion

The input ground motion considered for this probabilistic structural response analysis is the median 10
UHS with a peak ground acceleration of 0.27 g. The 10®° annual exceedance frequency UHS is selected based on a
preliminary estimate of the seismic-induced core damage frequency. Regarding the 84" percentile UHS, it is

estimated at €% times the median UHS. The P of 0.2 is used to account for the peak to valley variability.

The horizontal and vertical uniform hazard spectra derived from the Probabilistic Seismic Hazard Analysis
which accounted for the site specificity are displayed in Figure 2. Then, a set of 30 artificial earthquake time
histories [9] is generated to match the median and the 84" spectra as shown in Figure 2. These 30 time histories are
used as the input ground motion for the 30 trials of SSI response analysis.
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Figure 2 : Horizontal (left) and Vertical (right) UHS ground motion

Soil data

The geological profile of the site is mainly composed of alluvium on the first 15 m and sandy marls the
next 100m. The distribution of low-strain shear and compressive wave velocities has been established from a
geophysical study before the structures were built. The shear wave velocity and compressive wave profiles are
depicted in Figure 3. The additional stress imposed by buildings has been taken into account for the reactor building
because of its weight influence on soil characteristics. The non linearity of the soil and the influence of large strain
on the value of the shear modulus have also been taken into account using a linear equivalent model. The maximum
shear strain expected during an earthquake that matches the UHS is determined. A reduction factor for the shear
modulus and a damping ratio can then be deduced.

Finally, uncertainty of the soil model is accounted for by modeling damping and shear modulus as
lognormal random variables with median values of unity. The probability density functions for these two variables
reads:

1 (In(x/m))?
pdf (x) =———e 2~
Xo 27
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where o is the log standard deviation while m is the median value. The log standard deviations of the shear

modulus and the damping are respectively taken as 0.35 and 0.3. The median values are set equal to the “best
estimates” values.
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Figure 3 : Left: Shear wave velocity profile, Right: Compressive wave velocity profile

Finally the two variables are correlated in order to make sure that high shear modulus does not pair with
high soil damping multiplier, or low shear modulus multiplier pairs with low soil damping multiplier.

Structural model

The structural model for the deterministic analysis has been developed using Code_Aster Finite Element
Code. First, the median structural model (geometry, mass distribution, stiffness) is built as the best-estimate case.
Then, two random variables multipliers are applied: the first on the Young’s Modulus (uncertainty in the
frequencies) and the second on the structure material damping ratio. Both are modeled by a lognormal distribution
with median value of unity. The standard deviation values for the Young’s Modulus and the damping ratio are
respectively 0.5 and 0.35. The median values are again set equal to the “best estimates” values.

FE Model

The FE model has been generated with Code_Aster Finite Element Code [3] and Miss3D Soil Structure
Interaction Code [2]. Seven safety-related buildings have been modeled. Four of them are modeled with lumped
mass stickmodels and four other by plate elements. We can note that one building has been modeled according to
the two approaches (see Figure 4) for comparing the results.
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Figure 4 : 3-Dimensional plate model (left) and stickmodel (right) for the fuel building

The SSI issue is solved using Cyberquake software [1] and a coupling between Code_Aster finite element
code and Miss3D code.

Code_Aster is a numerical simulation software developed at EDF R&D for 20 years as a free software
(GNU general public license). It provides a large scope of capabilities (thermal and mechanical, statics and
dynamics, linear and nonlinear, modal analysis...) and is widely used for the expertise of power plants.

Cyberquake is a software developed by BRGM (French public institution in Earth science applications)
used to evaluate the seismic soil response in case of non linear soil behavior. It uses a 1D geometry for the
multilayered soil profile and take into account large strain for strong motion earthquakes. It is used so as to modify
the soil data with a reduction factor. The soil data are then used in Miss3D software.

Miss3D [2] is a Soil Structure Interaction software elaborated at Ecole Centrale de Paris using boundary
element method and sub-structuring method with frequency resolution It uses linear assumption for both the
geometry and the material behavior.

This coupling offers a more realistic resolution taking into account non-homogeneous soil layer, soil damping,
embedment and flexible foundation.

The control point of the input ground motion is located at the free field level. The deconvolution effect is
taken into account if the building is embedded. The lateral surface of the foundation is considered to be in contact
with the soil.

RESULTS

Best estimate results

To check the modeling relevance, the horizontal transfer functions coming from a best-estimate
deterministic computation is displayed in Figure 5 for the reactor building. The median best estimate parameter
values have been used for this computation (i.e. the Latin Hypercube multipliers set to 1).
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Figure 5 : Horizontal transfer function for the reactor building

Probabilistic Seismic Response Results

The last step of the probabilistic response analysis is the calculation of the 84™ percentile and the median
response of the buildings from the results of the 30 SSI deterministic computations. The output variables are global
shear and overturning moments, the accelerations and displacements and the floor response spectra. An example of
probabilistic result obtained for the fuel building is presented in Figure 6.
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Figure 6 : Floor response spectra for the fuel building
DISCUSSION OF THE RESULTS

Complementary statistical analysis

In this section, we propose to study the convergence of the estimations by means of replicated LHS [5].
For this purpose, 5 new LH samples of size Ng=30 each are drawn. The 30 ground motion time histories are
supposed to exhaustively represent possible events and are used as seismic input for the replicated samples. For each

of the N, =5+1samples, we determine relevant statistical quantities such as median and 84™ percentile floor

response spectra. This allows us then to evaluate the variability of the initial LHS estimates and to give confidence
intervals for the results of the probabilistic analysis.
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Figure 7 : Floor response spectra of the fuel building obtained with initial and 5 replicated LHS

FUEL BUILDING, Level :+27.00m FUEL BUILDING, Level : +27.00m
confidence intervals for 5% damping horizontal spectra confidence intervals for 5% damping vertical spectra
0
0 10
10
o (=]
5 S
5 ©
2 :
D
o Q =1 |
3 10’ § b
o
E z
2 ’ | 7 median floor spectrum: mean and Cl
median floor spectrum: mean and Cl
: === 84th pctl floor spectrum: mean and Cl
gf === 84th pctl floor spectrum: mean and Cl |. 100k - - P i e : : =
R ‘ T T — 10’ 10 10
10 10 frequency Hz 10 frequency Hz

Figure 8 : Confidence intervals (CI — thin lines) for median (green solid lines) and 84" percentile (blue dashed lines)
floor response spectra.

The N, median (solid lines) and 84™ percentile (dashed lines) floor spectra are plotted on Figure 7. The

horizontal spectra are displayed on the left hands side while the vertical spectra are shown on the right hand side.
Confidence intervals for median and 84™ percentile floor spectra are then obtained using the formula:

A

Or

I (1

where T is the mean of the median and respectively the 84™ percentile spectra and G is the corresponding

T * tl—a/Z;nr—l

empirical standard deviation. t, ,,,., ; is the percentile of the Student distribution yielding t,q;55 =2.5706 for

our study. The estimated median and 84" percentile floor spectra (thick lines) along with the confidence intervals
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(thin lines) are shown on Figure 8. The confidence intervals are relatively small compared to the mean values.

o
Indeed, the maximal values for the coefficient of variation C, = ?T do not exceed 0.13 (see Table 1).

Table 1 Maximum values of Cv

Horizontal | Vertical
84™ percentile 0.13 0.1
median 0.07 0.05

It can be concluded from these studies that the sample size N;=30 is sufficient in order to obtain accurate
estimates of median and percentile floor response spectra.

The reweighting technique proposed by [6] allows to assess the effect of the choice of distributions for
random variables without any further model runs. We can use the following relation for estimating the mean value

NS
for the changed distributions [5]: T = Z Nsn"_lpiyi , Where Y, is the model output, N, is the number of random
1

variables (here n, = 4 and p; is the weight (probability) of cell C, of the Hypercube. For the initial distributions,

the cells have, by construction, same probability and thus same weights equal to ], =1/ NSnp yielding the standard

estimator for sample mean value. The differences observed for mean floor spectra obtained with the initial
distributions and after modification of the log-standard deviations of the random variables (cf. table on the right of
Figure 9) are small, as illustrated on Figure 9. Indeed the maximum value of the relative difference between the
mean floor spectra obtained with initial distributions and after modification does not exceed 10%.
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Figure 9 : Mean value of horizontal (H) and vertical (V) floor response spectra with initial (red and dark blue) and
modified (magenta and cyan) distributions.

Finally, the statistical error due to the use of a limited number of accelerograms (Ns=30) is investigated by
a leave-one-out strategy called “jackknife” [8]. This resampling technique consist in evaluating median and
percentile floor spectra for N samples of size N =30 —1 where consecutively one of the 30 results and thus one
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of the accelerograms is missing. In order to focus on record to record variability, only seismic excitation and no
parameter uncertainty is considered. This study revealed only very small variability indicating that our estimations
are robust. The maximum of the mean error for one spectrum did not exceed 3.5%.

Comparison between stickmodel and plate model

Concerning the fuel building two FE models have been built so as to compare the results. The first one is a
stickmodel and the second one is a more complex model using plates and beams. Figure 10 presents the floor
response spectra obtained with the two models. The stickmodel has been improved by taking into account both the
torsion and the inertia properties.
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Figure 10 :Floor response spectra for the fuel building

We can notice that the two models are close to one another. Indeed, the mean values of the relative
differences of pseudo-acceleration between the stickmodel and the platemodel are respectively 8.1% and 5.3% for
the 84" percentile and median spectra.

CONCLUSION

This study is part of a seismic risk assessment of a nuclear power plant located in a moderate seismic area.
The purpose of this SPRA is to evaluate the plant seismic risk. In order to perform a SPRA, it is essential to account
for the uncertainty in the ground motion, soil and building data in the structural response. This is the goal of a
Probabilistic Seismic Structural Response Analysis. This paper presents an application of a Probabilistic Seismic
Structural Response Analysis conducted for this plant

First, the free field uniform hazard spectra are evaluated using a Probabilistic Seismic Hazard. On the basis
of this analysis, 30 time histories artificial earthquakes are generated. Then, Latin Hyper Cube Sampling is
performed so as to generate a statistically representative sample of material and soil characteristics.

A best-estimate model is elaborated taking into account the soil structure interaction by coupling the Code-
Aster finite element code and ProMiss3D code. The influence of the building weight is accounted by the application
of a correction factor. By using Cyberquake code the non linearity behavior of the soil is also handled and a
reduction factor is applied to the shear modulus of the soil layers.

The resulting median and 84th percentile floor response spectra are used for seismic fragility calculations of
safety-related equipment that is credited in a SPRA. Combined variability of structural response due to randomness
of the input ground motion, uncertainty in structural modeling (i.e., structure stiffness and structure damping), and
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uncertainty in soil properties (i.e., soil shear modulus and material damping) can be estimated directly from the
median and the 84th percentile floor response spectra.
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