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ABSTRACT

This paper contains the second part of a seismic PRA, i.e. the structural reliability
analysis. Based on the assumption of linear structural properties the structural analysis 1s
carried out in the frequency range. The resulting failure probabilities of a sample structure,
- a containment has been chosen for this purpose - revealed values which are considerable
lower than the generally accepted in modern probability based codified design. In order to
ensure a connection with deterministic design, conversion procedures to establish relations
between power- and response spectra have been introduced as well. The results of the analysis

provide pertinent information for acredible risk assessment for the entire NPP.

1. INTRODUCTION

The PRA of a NPP structure can be carried out in two steps, i.e. first the seismic risk
analysis and second the structural reliability analysis. While the first part has been des-
cribed in [1], this paper is concerned with the structural reliability analysis part. How—
ever, a strong interrelationship between both parts of the study - which is mainly due to
the necessity of introducing simplified models - has to be taken into account. The most
essential simplification concerning the structural analysis part is the mathematical des-—
cription of the structure as a system of linear equations leading to an eigenvalue problem.
The considerations of non-linear effects, for example of structural stiffness properties, or
soill damping characteristics would require rather complex comprehensive probabilistic ana-
lysis. In a first step, such effects are taken into account by introducing "conmservative'
assumptions. For example considerable care has to be applied when modeling the damping para-

meter in context with an adequate treatment of the energy considerations (absorption, etc.).

2. THE PROBABILISTIC CONCEPT

For the mathematical formulation of the probabilistic concept as used here it is re-
fered to section 2 of the previous paper [1]. There it has been stated that the properties
of the loading due to earthquake excitation may be approximated by a weakly stationary,
Gaussian process. Furthermore assuming a linear (structural) system,1t is a wellknown fact
that these properties are maintained for the response process as well. Hence the PDF of the

load effect - consisting of the mean value of the dead load and the standard deviation of the
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earthquake loading - is fully determined. The latter may be obtained by integrating the PSD
of the response, Gs(m), i.e. by
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Applying the modal analysis, the standard deviation may be expressed by the modal variances
2
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- where Wi is the modal shape of the displacement and load effect respectively and Li is the
load participation factor (as defined by equ. (4)) - which, according to equ. (1) may be ob-
tained by the auto-and cross-spectral densities GS,ii(m) and GS,ij(m)' The cross spectral
density for the modal shapes i and j is
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where Hi is the transfer function of the i1-th mode, Hj the complex conjugate and GA the

PSD of the ground acceleration. The load participation factors are defined by
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where ¢i is the eligenvector of the mode shape and M the mass matrix. In this context it
should be noted that for cases where the eigenfrequenciles reveal significantly different
values, the cross spectral densities are considerably smaller than the auto power spectral

densities and consequently the second part of equ. (2) may be neglected [2].

3. CALCULATION OF FLOOR RESPONSE SPECTRA

For the purpose of the structural design procedure of various detalls of interest it is
quite frequently of advantage to utilize constant load effects, i.e. deterministic models
while stochastic considerations are particular suitable for an overall assessment of struc-

tures with respect to their optimum design, etc. [37.

In practical application, the so-called Floor Response Spectra (FRS) are utilized for
the design of internal structures and substructures, respectively. Procedures for approxima-
tion of relation between power— and response spectra are available. These methods are ge-
nerally based on extreme value (peak factor) consideration (see for example [4,5]). Conse-
quently the FRS may be directly derived from the PSD without carryilng out two seperate - i.e.

one deterministic and onme stochastic - analyses, which would be required otherwise.

4. CASE STUDY

4.1 Structural Analysis

The case study as carried out here is based on the results as described in section 3 of
[1]. In order to be able to assess the effects of the various approximations for load - as

well as structural analyses the overall PRA has to be carried out in several steps. The modal
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analysis is most advantageously applied to assess the dynamical behavior of the particular
structure under consideration. This is mainly due to the transparent relationship between
load and load effects (see equ. (1) ~ (4)). Load participation factors are a first but fun—
damental information on the dynamical sensitivity of the structure. Hence a conservative
approach to define the loading function is feasible or, - for cases where a definite des-
cription of the loading function is available - the structure may be optimized for minimum
load effects. In the present study (see also Fig. 7 in [1]) a conservative load spectrum has
been chosen. The dynamic properties of the sample structure - a containment - are listed

"in Table 1. The dominance of the first two mode shapes of the loading, which may be conclu-

ded from the modal variances, is a direct consequence of the choice of the load spectrum.

4.2 Failure Probability of the Structure

A cross section located in the transition between the spherical dome and the cylindri-
cal shell of the reinforced concrete shielding is analyzed as an example (see No.l of Fig.1).
Due to the additional design against aircraft impact a disproportional large wall thickness
of 2.0 m is required. The bending reinforcement, however, is relatively small,which leads to
the fact that the failure of the bending reinforcement is the expected failure mechanism.
Hence, the random variable of significance is the axial force of the reinforcement, which is
modeled by a normal distribution with a coefficient of variation of 0.055 and a mean value

of 602 N/mm2.

The conditional failure probability, given the earthquake event E is shown in Fig.2, for
a vertical and horizontal cross section respectively. For a design life of 40 years the fai-

lure probability F(t) = 1 - L(t) is shown in Table 2 for two different load cases.

4.3 Floor Response Spectra

Utilizing the procedure suggested in [4] the FRS have been calculated from the PSD for
the absolute values of the structural accelerations. The results for a particular cross
section (No. 2) are shown in Fig. 3. The FRS are scaled to a maximum horizontal ground acce-
leration of 4.2 w/s?. In order to include the entire expected motion the conversion has been
based on a duration of 30 sec. The expected strong motion duration for the region under
consideration is about 15 - 20 sec. The most essential approximation in the conversion of
PSD into response spectra is the assumption of the weakly stationary Gaussian response
properties. It has already poilnted out that in some cases this assumption may not necessa-

rily reflect reality [6].

5. CONCLUSIONS

The PRA concept for NPP structures under earthquake excitation as suggested in this
paper and in [ 1] proved to be quite useful for practical application. The interaction bet-
ween the seismic risk- and structural reliability analysis parts has been pointed out
quite clearly. Since the structural analysis is based on the assumption of linear behavior,
the application of random vibration techniques prove to be quite useful. If, however, non-
linear effects have to be included, either equivalent linearization techniques, time history
analyses, etc. have to be applied. The failure probabilities of critical cross sections of

the structure under consideration are well below those values which are generally accepted
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in codified design. The procedure as suggested here forms a sound basis for a rational i.e.

optimum design of NPP structures. Moreover it provides part of the information needed for a

credible risk assessment of an entire NPP,
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Fig.l: Sample Structure Containment

Table 1:

Dynamic Properties of NPP-
Structures Under Earthquake
Excitation

Table 2:

Failure Probability F_(t)
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