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Abstract

Recent PRA studies made the analyst aware that the contribution of external events to
the overall plant risk may not be insignificant. One of the basic elements of the analysis
of risk from an external event is the evaluation of the fragility of structural components.
Some external actions, as wind and earthquake,provide a dynamic excitation of structural
components. In these cases, non-linear stochastic dynamics is individuated as the more
appropriate framework for fragility analyses. In particular, the applicability of two quite-—

—general stochastic dynamics procedures to PRA studies is discussed.

1. Introduction

In the design process of a nuclear power plant (NPP), each structural component is
generally required to behave elastically during its lifetime. As a consequence the structural
response is only investigated by linear analyses.

When a probabilistic risk assessment (PRA) has to’be developed, however, the analyst
has to investigate the behaviour of the single component also under load levels whose
occurrence is very unlikely. Since to design structures which remain elastic under these
unlikely action levels would be quite uneconomical, material and/or geometry non linearities
have to be allowed for in the analysis.

In a PRA process the complexity of the non-linear mechanical model may become
unbearable if associated with the complexity of the probabilistic calculations. Different
probabilistic models with different level of sophistication have, therefore, been proposed
/1 //2//3 /. The simplest approaches require the computation of a central value of the response
and the availability of expert opinions for the associate uncertainty, while regression
schemes (response surface methods) are generally adopted for more accurate analyses /4//5 /
These regression schemes are introduced because no analytical expression of the dependence of
the response on the basic uncertainty quantities is generally available and numerical
investigations become therefore the only way for studying the propagation of uncertainty.
This is mainly the case of dynamically loaded structural components.

After a brief review of the special response surface procedure proposed in Refs./5/ and
/6/ this paper investigates the possibility of formulating an easier approach to the
fragility analysis of dynamically excited components.

The approach is founded on the adoption of a suitable equivalent linearization technique,



which provides explicitly the dependence of the response on the input parameters, as all
linear stochastic dynamic method does /7/. A numerical example explains the main features of

the resulting procedure of fragility analysis.

2. The problem and its governing relations

It is well known in structural reliability theory /7/ that the analyst can conduct his
investigation in different spaces: the input space, the output space or a suitable state
space. In the last case one separates the response analysis and the strength (or fragility)
analysis of any structural component. Fragility, which is defined as the conditional
frequency of failure for a given value of the response parameter S, can be therefore evaluated
as the frequency for the actual carrying capacity R of the structure being less than S
(SSMRP method /2/). Alternatively, fragility can be expressed as the conditional frequency
of failure for a given load intensity value W (Zion method/2/): the check is here conducted in
the input-space. The frequency of the event WR<W is evaluategd, Wo being the global carrying
capabity of the system. In both cases, Ref./2/ suggests for the structural component capacity
R or WR, say r, an expression of the type:
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where % is the median capacity, Vrr is a random variable reflecting the inherent randomness
and vr is a random variable reflecting the uncertainty in the median value. Under the
assumption that both Vrr and Vru are lognormally distributed with unit median, then, the
fragility can be easily estimated from Eq.(01), once the logarithmic standard deviations of
Vrr and Vru are known. These standard deviations become therefore the unknowns to be
determined by the analyst. Their values, however, were generally selected in previous PRA
studies on the basis of analyst judgement rather than by performing accurate uncertainty
propagation analyses. This approach can appear to be justified for Vru which arises from
the variability due to an insufficient understanding of structural material, errors in the
calculated response and the use of engineering judgement. By contrast, the variability of
Vrr can be obtained in a more rational way by using appropriate methods of propagating
input uncertainties. These methods are summarized in Ref./2/, where they are presented
"as techniques still being developed" so that the "reader is cautioned that ...there is no
generally accepted approach".

In order to provide an improvement in such procedures, the authors and associates have
formulated a generalized response surface technique which has been applied to the evaluation
of seismic fragility /5//6/; however, this technique can be used whenever the external

event causes a mechanical (static or dynamic) action on the system.
2.1 An improved response surface technigque
Consider a structural component whose input-output relationship can be represented by

z =1L (Xlr Mo e Xn) (02)
where X, (i=1,...,n) are the input variables or a function of them (f.i. the logarithm},
and z is an output variable. Let z denote the logarithm of the system carrying capacity wr.

I, can either be a functional relationship or represent a long-running computer code. In

the latter case, the variable z can be approximated by
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where Ax, = X, - X, , X, being a reference value for x,. In Eq.{(03) b, and c,. are
i i i i i i ij

sensitivity coefficients which can be determined by using a statistical design andapplying
a regression fitting procedure to the code outputs resulting from a set of code runs. The
term € is the lack of fit random term.

Critiques of the response-surface technique are that /2/:

i) Eq.(03) may represent a proper approximation of the variable z over a limited range
of x-variables; moreover xi cannot be a stochastic function;

ii) classical first-order formulae for the mean and the variance of z will yield a good
approximation only in case where z behaves linearly or exhibits a weak non-linearity as a
function of the X, variables_./]_:)enote by x the vector of all uncertain quantities, each of
which is either a random variable or a random function. In order to reduce the dimension

of x, x can be partitioned as
(04)

where %, is a small vector of influential independent random variables and X, is the
remainder vector which contains large subvectors of x associated with distributed properties
(local resistances, yielding stresses, etc.) as well as random functions as the stochastic
external excitation. The random effects on z of its components can be separated by
partitioning 52 into sub-vectors £21 ' 522, e ’52n
then associated with each subvector 523,; and Eq.(03) is rewritten as:

; a separate independent random term gj is

z = 9(51'-9-1” z gyt e (05)

Fitting the model of Eq. (05) requires estimalion of El 'Cj and €. In Refs./5/ and /6/ the variances
of the randomeffects E,_,l and € (supposed tobe normal) were obtained from a lattice-square
experiment design followed by an analysis of variance. An augmented factorial design was
introduced in order to estimate the fixed-effect coefficients 91 in Eq.(05): the results
have been analysed by standard Bayesian regression with a non-informative flat prior on
the parameters 811'

Once the model (05) has been fitted, critique i) is by-passed. Point ii) has been removed
in Ref./5/ and /6/ by using the so called Level II procedures of propagating uncertainty.

For this purpose, the fragility P(W)=Prob [WR<W] has been estimated as (D[-B (z)] (dbeing the
normal distribution function) where
B(z) = + min {(y - Ey)T 2;1 (y - gy)
Y ES (06)
y : 1In WR(Z) =z
and y is the vector of all the random quantities in the r.h.s. of Eq.(05) (51 ’Ql'ej and €),
assumed to be distributed like a joint normal probability distribution with mean vector

and covariance matrix
2y
2.2 Fragility analysis by equivalent linearization

The response surface procedure summarized in Eq.s (05) and (06} is very fascinating

because of its generality: there is no limitation to the number of components of x and

=
of subvectors or random functions §2j; moreover any algorithm relating the input variables
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to the output parameters can be analysed. However, first analyses developed on simple
structural components emphasized that two sources of uncertainty are predominant in fragility
estimation: the exciting function and the local resistance vector. Since this local
resistance vector can be regarded as a limit value to a suitable function of the maximum
local inelastic deformation and the associated dissipated energy, the problem becomes to
calculate the stochastic output of a deterministic non linear system subject to a stochastic
excitation. In this field, an equivalent linearization technique associated with an
endochronic model of the material constitutive law has been shown to be very promising.

In particular, if one concentrates the inelastic deformations at critical sections, the

dynamical problem can be written in the form /10//1/:

G40 it u e b lE (@)
b-g, - HEQu-9 EvEQ D ) o7
Z2=9Q u+9, ¢ (c)

where u is the vector of the displacement associated with inertial forces; ¢ is the vector of
the inelastic deformation;Z is the vector associated with Q_in the endochronic model; 94,
gz, 23 and 24 are suitable structural matrices and E and D are diagonal matrices whose
entries are the linearization coefficients which are known functions of some entries of the
covariance matrix 27',2 , {(with @i and Z; jointly Gaussian). This matrix is related by a
linear relation to the covariance matrix §f§“1ﬁ1Q>WhiCh can be obtained solving the Liapunov
equation associated with Eq.s (07) a) and b) when the constitutive law is non-degrading and
the dynamic excitation y(t) is a Gaussian white-noise. The r.h.s. of the Liapunov equation
contains the constant power spectral density SO of y(t). An iterative solution of the
Liapunov equation is required, because the relevant matrix of the coefficients contains
the linearization terms which are function of the response variable statistics. Extensions
to the non-stationary case are summarized in Ref./9/.

once the statistics of ¢ and ¢ have been derived,classical expressions permit one to

obtain the distribution of the maximum value Qm(t) of ¢ in a period (0,t)y /10//1//9//12/:

B _ Sk L N
P(Eni(t)(lb’t) = exp {- exp [- X (% K]t= 9, (4 (08)
with
X = (2 1In(t 2 s¢/2 ﬂs¢))& (09)

Conversely, while the mean values E of the dissipated energy in the inelastic regions is
provided directly by the procedure (= Z¢Z)' an estimation of the relevant variance would
require cumbersome calculations /11/.

According to Ref./10/, then, at the present time, an estimation of the local probability
of failure in (0,t) can only be obtained by using a simplified failure criterion which
compares the maximum inelastic rotation with a limit value depending on the mean value
of the dissipated energy. Let Ri denote the limit value to the load effect Si@mi,Ei) in the
i-th inelastic region. The entries of the vector R can be assumed to be either uncorrelated
or equicorrelated. In the first case, the global reliability R of the system can be
calculated by classical system reliability formulae (10), once ¢; = S;l(Ri,Ei) has been

calculated:
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where n is the number of inelastic regions and pRi(R) is the probability density function
of the local strength in the i~th region.

In the equi-correlateq case, assume that the Ri are jontly lognormally distributed
with the same mean URi and variance Séi and with coefficient of correlation AThen extending
the idea of Ref./13/, one can regard each Ri as the product of R° (constant along the
structure) by Ri, where Ro and Ri are two independent lognormally distributed random
variables:the first has unit mean value and logarithmic standard deviation /5 sln Ri;

R! has mean value equal to the one -of R, (LLR ) and logarithmic standard deviation Vi-p s .
5l i i 1n Ry

In this case the global reliability of the frame is given by

f+w n +oo
R = I dEp)  polB) ? ([ 2,0 P o pe (1o R[E) da(ln n)) (11)
i=1 -0 1[

where pln R , RO is the probability density function of 1n R given that 1n RO=E, i.e.
1

it

the normal PDF with mean (1n UR-+E) and standard deviation v1l-p Sln R: *
i i

3. Numerical example

The reinforced cundrete frame already analysed by the authors and their associates in
Refs. /S//6//10//13/ is catisidered. The reader is referred for details to Ref./1/. Here
Fig.1 shows in solid line the seismic fragility curve obtained in Ref./6/ whers six randam
variables are tonsidered fo form the vector %y lmass, stiffpess, damping, hardening, yielding
stress factor constant along the structure and R™} and three subvector %04 (ylelding stresses,
R" and the ground aceceleration alt)lare introduced. Im the same figure the dashied 1ine
has been obitained by means of a more acelrate investigation on the effects af the more
siynificant terms pf %y (ylelding and R®)., The sma ]l discrepancy points out that the use of
canonic experiment designs reduclily the error in estimating the model parameters {8y in
By (05)) ds npot complebely satisfactery in estimating the distribitlon of . In particular
this numerical example suggests to perform more experiments aloryg the axes of the wvariables
with which more significant values of the parameters(y are associatead,

The three points A, B and ¢ of Fig.l are the results abtained hby using Hq.s (07) ang
(11) for thiee AlfEerent values of the masimom peak acveleralion. For this Purbose une lias
assumed /9/ (a in ineh/sec.sec; S5 in inch-inch/ses-sec.sac)

=29 /g
a [}
max

where S5 is the constant power spectral density of the stationary white noise.
The earthquake has been therefors modelled as a4 segment of Kanai filtered white-noise
with W =156 rad/sac and [=0.69. The duration of the earthquake has been assumed equal
Lo the mean value (9.2 sec.) of the staldonary equivalent duration introduced in Ref./6/,
where d,0 and ¢ were assumed to be Independent random variables. The results of the
equivalent linearization approach are In good agreement with the ones achieved in Ref./6/.
despite  that:

1) the Kanai Tajimi parameters and the duration of the ground motion are assumed to
be derterministic;

2) the nat-statlonary character of the mobion has been neglected;

3) the system parameters, except the local resistances, are assumed to be deterministic;

4) the static loadshave not been considernd exol feitly;

5) the different reinforcement for positive and negative yielding moment cannot be
taken into aceeuint (equivalent Linsarization compiitations used the lower value for both
the yielding limits).
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Fig.l - Seismic fragility plots
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