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ABSTRACT based on subjective judgements. The main features in
the approach are (1) an assumption of lognormal distri-
This paper presents a reliahbility analysis method butions for all variables and (2) a multiplication
for safety evaluation of nualear struyctures, By utie schems to predict a median value of a total safety fac-
1lizing this method, it is possible to estimate the limit tor which 1s obtained from the product of many individu-
state probability in the lifetime of structures and to ‘al safety factors to be determined subjectively. Use of

generate analytically the fragility curves for PRA stude the lognormal disrributions, for all variables is purely
les, for mathematical expedience. Furthermore, the subjec~

The earthquake ground acceleration, in this ap- tive inputs and multiplication scheme do not appear to
proach, is represented by a segment of stationary be a good combination, since the combination produces
Gaussian process with a zero mean and a Kanai-Tajimi fragility curves which are quite sensitive to the sub~
Spectrum. All possible seismic hazard at a site repre~ Jective inputs. Consequently, fragility curves esci-
seated by a hazard curve is also taksn into considera~ mated by different groups of enginsers may vary con-
t{on, Furcthermore, the limit state of a structure is 'stderably, and the final PRA results are indeed open to
anslytically defined and rthe corresponding limit state quastion. An alternate approach to the Industrial PRA
surface is then established. Finally, the fragility ‘method 1s to evaluate the structural response and fra-
curve is generated and the limit state probability is ,gility analytically on the basis of the probabilistic
evaluated. ;structural mechanics,

In this paper, using a realistic reinforced con~ ; In recent years a probability-hased reliability
crece containment as an example, results of the relisw - ‘analysis methodology for nuclear structures has baen
bility analysis of the concainment subjected to dead ‘developed by the Structural Analysis Division of Brook-
load, l’ve load and ground earthquake acceleration are haven National Laboratory (BNL){4~7). An important fea=-

presentued and a fragility curve for PRA studies is also ture of this metiodology is that the finite element a=-
‘nalysis and random vibration theory have been incorpo-

construcved.
rated into the reliability analysis. By utilizing this
INTRODUCTION mathod, it is possible to evaluate the safety mirgins
of nuclear structures under various static and dynamic

loads and to generate the structural frogility curves
important tool for safety evaluation of nuclear power for PRA atudies. 1In this paper, the probability-based
plants. Previous PRA studies such aa WASH-1400 (1) reltadilicy analysis method is illu:trated by using a
mainly concentrated on internal events. Raceutly, the 'raalistic reinforced concrete containment structure as
method has been extended to deal with external »vents, an example, The results of the reliability analysis
in particular, the seismic event, As & result of some and the corresponding fragility curve are prescnted.
recent PRA studies such as those carried out for the
Zion and Indian Point nuclear power plamnts (2,3), it

Probabilistic riak aaseasment (PRA) is bacoming an

CONTAINMENT DESCRIPTION

vas concluded that the seismic event could be a domi~ :
nant contributor to the risk, The major stepe in per- . The reipforced.conc:gte containment siructure, as
forming a PRA study are as follows: (1) hazard analy~ shown in 7ig. 1; represents a realistic containment in
sis, (2) response analysis and fragility determination, the U.S. The containment consists of a circular cy=-
(3) plant system evaluation and (4) consequence evalua-~ 1lindrical wall with a hemispherical dome on the top.
tion. It is recognized that all of the above steps in-~ The dome~cylinder system ic fixed at the base. The di-
volve uncertainties. ' mensions of the contalnmunt are also ageugul?oF;E.)l.
For evaluation of etructural fragility, the ap~ The thickness of the dome 18 equal to &'~ +76m
4 whereas the thickness of the cylindrical wall is 3'~0"

proach used in industrial PRA studies is primarily
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(0.92m). The inside radius of the dome and the cylindri-
cal wall 18 62%-~DY (18.91m). The helght of the cylindri-
tal wall ts 150'~6" (45.90a) and the total height of t e
containmant 1s 215'-0" (65.%8m).

The contaimment wsll is reinforced with hoop, me- |
ridional and diagonal rebars. The datails of rabar er- '
rangement for cylinder and dome of tie containment are
tabulated in Tables I and 2, respsctively, The diago-
Ral rsbars and steel linars are disregarded in the a-
nalysis, Ocher complicetions such as penetrations, per-
sonzl lock and equipment hatches are also not ineluded
in the study. .

In this paper, the moan values of material- proper= ,
ti6s are used in the analysis. The variations of ma-
terial properties will be included in the ssnsitivity
study in fucure. The properties of the conerete and re-
bars are summarized as follows:

Concrete
The minimum compressive strength of concrete at 28 -

days is specified as 4000 psi (27,6MPa). Howevar, the
mean valie ia estimated to be 6085.6 pst (42MPa) from -
test data (8). The weight dcnsitg of the concrete iz
taken to be 150 1d/#ed (23,55kN/m3). Young's modulus
and Poisson's retio are 3.6 x 106 pei (24840MPa) snd

0.2, respectively,

Reinforcing Bars ..
As can be seen from Tables 1 and 2, No. 18 rebars °

are the main reinforcement used in the containmant
structures. Hence, the stetigtics for No. 18 rsbars
are used to represent all other types of rebars.

Young's modulus, E,, and Poisscn's ratio are taken to be
29.0 x 106 pai {200100MPa) and 0.3, respectively. From
the taat data, the mean value of the yield strength ty
is estinated to be 71,1 ksi (490.59MFa) (8).

FINITE ELEMENT ANALYSIS

Finite element analysis is used to odtain the
static structural responses and the dynamic character~ -
istics of the structure such as the natural frequancies
ard the associated mode shapes, etc, In ordar to utie
lize the finite eiemant analysis results in computing
the limit state probabilities, the containment modellw
ing should be made in such a way that the local coordi-
nates of the elements have the same directions as those
of the rebars., The finite element utilized in the a~
nalysis is the shell element as described in the SAPV
computer code, A three-~dimensional finite slement
model is used for the structural analysis of the cone~
tainment. A detailed crosa-gectional view of the con=
-tainasat model is shown in Pig. 2, As can be seen from

“his figure, the containment is divided into 20 layers.

“xcept for the top layer of the dome, each layer hag 24
€iements such that the nodal points are taken evary 150
in the circumferential direction. This discretization
requires & total of 481 nodes and 468 elements.

For dynamic analysis of structures, model analysis
is saployed. Using the model described, the first 20
natural frequencies and corresponding modes are evalu-
ated, It 1is important to choose the significantly par-~
ticipating modes for the reliability analysis. In this
study, only the first and second pairs of bending modes
are chosen for the analyais, .

PROBABILISTIC REPRESENTATION OF LOADS

A containment structure is subjected to various
static and dynamic loads during its lifetine, These
loads may be caused by normal operating, environmental
and eccidental conditions. Since the loads intrinsical-
ly involve random and other uncertainties, an appropri-
ate probabilistic model for each load must be as-
tablighed in order to perform reliability analysis. In
this paper, only the dead load, live load and earth-
quake ground acceleration are taken into consideration

in the analysis,

Daad Yoad

The dead load primarily arises from the weighta of
the containment wall, It may have small variation due
to weight density of concrete., In this analysis, dead
load is assumed to be deterministic and is aqual to the
design value, which is computed based on the weight
density of reinforced concrete as 150 1b/fe3

(23.55k8/m3} .

Live toad
Because several floors are connected to the con~

‘tainmenc structure, some live loads act on the contain-

ment at the locations where the floors are connected to
the containment, The locations and design values of
the corresponding live loads are shown as follows:

Live Load (kip/ft) (kN/m)

Elevation
856'~0" (261m) 0.707 (10.32)
828'~3" (253m) 3.000 (43.80)
'803"3" (245m) 0.94G (13,72)
778'«0" (237m) 1,020 (14.89)
755'=0" (230m) 0.930 (13.58)

It is notad that there are some uncertaintles aa to the

actural magnitude of the live load. For the purpose of
the present analysis, however, the live loads are also

Tadle 1, Cylinder Reinforcement,

Hoop .. Meridional
Elevation (Both Sides) Outside Inside

0 to 20*-0" 1# 18 @ 12¢ .| 18 a 12" 24 13 @ 12"
20'=0" to 150*-6 1# 18 @ 12v 1ns e 12" 1¥ 18 @ 12¢
12" = §,3048m o i S

‘ o . Table 2, Dome Reinforcement.

Angle From Hoop Meridional

Spring Line Outside Inside Outside Inside

0° - 45° 24 18 @ 12" 28 14 @ 12¢ ¢ 18 @ 12" 17 14 @ 12"
45° - 900 14 18 @ 12" k14 @ 12" 11 18 @ 12" 1 14 @ 12"
12" = 0,3048m _
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assumed to be deterministic and equal to the design
values,

Earthquake Ground Acceleration :

The earthquake ground acceleration is assumed to
act only along tha global x dirsetion., It i8 furthar
assumed that the ground acceleration can be idsalized
as a segment of s stationary Gaussian process with mean
zero and a Kanai-Tajimi spectrum. The KenairTajimi
spactrun has the following expressien:

2 2
1+ aa&cm/ug)

(¢%
°11 - 2y2 2 2
{1 (ulus) 1% & 4&8(0)1«18)

g @) = S

where the perametar S, represents the intensity of the
earthquake and w; and £, are the dominent ground fre~
quency and the crirical damping, respectively.

w, and £, depend on the soil conditions of the site.

In this study, the values of w, and £, in Eq. 1 are der
ternined to be 9n rad/sac and 5.6. redpectively. The
mean duration pgp of the earthquake acceleration is ase
suned to be 10 seconds,

The peak ground acceleration A;, given an sarthe
quake, is assumed to be Ay = Pga where Py is the peak
factor and taken to be 3.0 in :hgn scudy, The stendard
deviation of the ground acceleration o, computed by
integracing the KanairTajiml spectral gcnlicy function
with respect to w, is as follows: ’

ag = ‘4-‘“3 Cz‘é;"‘ 26,) /5 . )

The peak ground acceleration given an earthquake can be
re-written as

1 .
A= “B"s—o ) with o = Pg/n ug c-z—g—;-e- 20 3

I# the earthquake occurs in accordance with the Poisson
law at a rate Ap per year, it is easy to show that the
probability distribution F,(a) of the snnual peak
ground acceleration A is relaced to the probability
distribution Fpy(a) of A; in the following fashion: :

F,(a) = exp(-ksll - FAI ()]}

ot
1
P, (a) = 1 + < 2n F,(a).
A g A

Therefore, if a, indicatea the minimun peak ground ac~
celeration for any ground shaking to bs considerad as
an earthquake, Fj,(ay) = O and hence, Ap = - #n Falag) .
Assuming that P,(&) is of the extreme distribucion of
Type 1I, FA(a) = exp[~(afu)=2] with a = 2.6l and

u = 0,01, 6ne finally obtains

?Al(n) 1 = (afay)™® a2 a5, (5).
Under these conditions, one finds chat Ag = 1.50
x IO‘Z/year for ap = 0.05g. Combining Eqs., 3 and 5 and
writing 2 for VS5, the probability distribution of Z s
Fy(z) = 1 - (agzfag)™®  for =2 e&o/ag . - (6)
Tha information about the maximum earthquake
ground acceleration, fpgy» vhich represants the largest
sarthquake possible to occur at a particular site, is
needed in order to determine the limit state probabili~
ty. In this study, smax is chosen to be equal to

0.71g. .

Ry - (Aj)'f &)} =0

O

LIMIT STATE

A limit state essentially representa a state of

undes/rable structural behavior. In general, it will

- depend on the characteristics of the structures and the
loadings that act on tha structures., For a particular
structural system, it is possible that more than one
limit state may be considered, Limit staces must also
be related to the response quantities obtainable from
the selected structural analysis method, e.g..the finite
_element method adopted in this study, ’

In this paper, the flexural limit state for the
conteinment 1s defined as follows: At any time during
the service life of the structure, the state of

- structural response is considered to have reachsd the
linit state if a maximum compressive strain at the ex-
treme fiber of the cross-section is equal to 0.003,
vhila the yielding of rebars is permitted. Based on
the above definition of the limit state and the ulti-
mate strength theory of reinforced concrete, for each

‘cross~section of a finice element, a limit stete sur-
face can be conatructed in terms of the membrane stress
and bending moment, which is taken about the center of

: the crossesection (9). A typical limit scate surface
is shown in Fig. 3. In this figure, point “a” is de-
termined from a stress state of uniform compression
and point “e" from uniform tension. Points "c" and

‘Mgt apg the so-called "balanced point", at which a
concrete compressicn strain of 0.003 and a steel ten-
sion strain of £,/Eg are reached simultanecusly.
Furthermore, lines abc and ab'c*® in Fig. 3 represent
compression failure and lines cde and c'd'e represent

' tension failure.

RELIABILITY ANALYSIS

- Aﬁaly:icaliy, the eight straight lines of the
1imit state surface as shown in Fig. J are expressed

. ag follows;

1= 12,08 M

where {r{(®)} 1s the element stress vector, and R, and
'(Aj} are constants and constant vectors, relpec:ively.
In”€his paper, the streas vector, {t e)}, consists of
two vactors; (1(8)},, and {r{e)}4. The vector x(e)},
ig the stress vector due to daad and live loada and is
time~invariant and deterministic based on the assump-
tion of the dead and live loads. The vector {r )}y
is stress vector due to the earthquake acceleration

and it can be computed as (4,3).

(el )y = zc(®N (v}

;Hith
‘ [c(®] o [g(ed] Tyled) ILqJ.

' In this expression, [B(®)] and [4(e)]) are such
- that {v(e)}) = [B(e)] {ule)] with {u{®)} being the ele-
ment nodel displacement vector and {u(e)} = [#(¥)] (q}
, with {q} being the generalized coordinate vector, re=
{ spectively. The vector {vo} is obtained from a linesr
. transformation {qo} = [Lql.(vo} such that the covari-
' ance matrix [Wovgl of (vo(€)} becomes [Ig)-= mwm

' identity matrix (m=number of modes consldered). . The
neralized coordinate vsctor vhen

- yector (qo)} 1s the ge
e RS ol /e vecT (25,38 YonZfsecd). Thus, {T(e)} .
has the following expressioni

(8)

i
D e 1@ ez 0 v 9
:Substitnting Eq. (9) into Eq. (7), one obtains

a
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where
n{®) {X}")/ﬂf" | wten (R[N o 37

and
O I AR L PR O TR )
Let xl(.;’ be max ’(ﬂ(‘)}r{vou in 0 § t § ugp. Accorde

ing to"Ref, 5 and 1D, the probability distribution of
xnf is given in approximation by

F, (e) (x)
xf;’ = exp {~ “f:)"dz exp(=~1/2 xz)}
-1 a "jc:)“dz expCel/2 x2) (1)

in which

(L [& & . s

Y40 2r J‘gl b§1 “ajnbjglvonvob] a2
where x 3 lzznv}g,udg. and n{_f) is che a-component of
{nl(e) } and E{¥pa¥op] 18 the a=b component of the coe
variance metrix [Vyoepl of (¥,(t)}. The conditional

limit gtate probdability with respect to line i, Py Ce),

is obtained as
(e)
5

- (&) _ ,y(e)
Pr [1-1 zxmj s 0). (13)

Assuning the containment will not fail under dead and
live lcads alone, then y{€) is positive and P{®)} can
be evaluated as follows:

2
max
Pj(') -f "j(:)"ds exp[llz(yjc')lz)zl £,(z)dz.
4

min 4
Furthermore, the conditional limit stete probability of
the element, P(e), will be bounded as follows:

8
maxp(® <pe) < § (%,
3 &k

(15)
Finally, the unconditional limit atata probability,
By, during the lifetime T years is approximated as:

P, = Thp B(e). (16)

SYSTEM LIMIT STATE PROBABILITY AND SEISMIC FRAGILITY
CURVES

The limir scate probebility evaluetad in the pre-
ceding section ara those at the critical elements, ,
While the limit state probability of the containment
as a whola, called system limit state probability,
under a certain load combinetion is always larger than
that of the critical elements, the anthors' experience
- “in structural reliability analysis suggests that the °
differenca between the system limit state probability .
and the'limit state probability.of the criticel ele~-
ments is tolarable for the type of load-structure sys~
tem under consideration, Therefore, for the make of -
analytical simplicity and computational economy, the
prasant study approximates the system limit stecte
probability by the criticel elemant limit state probae

bility. N o

4

In this study, the fragility is defined as the
conditional limit state frobability given a peak ground
acceleration. Hence, referring to Eqs. 11 and 14, the
fragility is determined in approximation as:

max

P“l) - 3 and
NUMERICAL RESULTS

On the basis of the finite element model, limit
state, loading conditions and reliability analysis
method deacribed in the preceding sections, a reliabili-
ty analysis of the containment under the combination of
dead load, 1live load and earthquake ground scceleration
has been carried out. The limit state is reached as che
tensile yielding of meridional rebars in the critical
elements 6, 7, 18 and 19. These critical elements are
located at the first layer and adjacent to global x-
axis, The locations of the critical elements and the
manner in which the limit state is reached are obvious-
ly consistent with the structural and loading symmetry
vith respect to the x-axis, The lower and upper bounds
of the conditionel limit state probability are found to
be very close and equal to 1.3 x 1076, Finally, :he un-
conditional limit state 9rubability during the lifetime
of 40 yeazrs is 7.8 x 10-7,

The fragility curve as a function of A; measured in
B 18 presented in Fig. 4 and Table 3 shows the corre-
sponding numerical values. Since all the data used in
the enalysis are taken to be best estimate values (or
mean velues), this fragility curve may be interpreted
as the maan fragility cure. It can be seen from Table
3, the peak ground acceleration corresponding to the
medisn of the curve is 1.02g,

MOV
exp{-1/2 —LAJ-—)}]}

{l-exp[— v(e)u
(w) jo TdE 1 an

Table 3, Fragility Curve
A (g) P (&)
0.4 1.81 E~10
0.45 3.75 E-8
0.5 1,77 E=6
0.55 3.14 Ee5
' c,6 2,83 E-4
Q.65 1.58 E-3
0,70 6.24 E«3
0.75 1,89 Ee2
! 0.80 5.65 E~2
0,85 0.11
0.90 0.19
0.95 0,31
1,00 0.44
1,02 0,50
1.05 0.57
! 1.1 0,70
1.15 0.80
1.20 a.88
1,25 0,93
. 1.3 0.96
\ 1,35 0.98
1.4 0.59
1.5 1.00

|
'CONCLUDING REMARKS

Thia paper prescnts a reliability analysis method
'for nuclear structures. Alchough only three loads,
‘1.8., dead load, live load and earthquake ground ac~
celeration are mentioned in the paper, it is noticed
:that.the. reliability analysis method can be extended to



include other loads such a3 accidental pressure, tore Machanics!, Proceedings of the

nado and SRV load. Indeed, this extension has been al-~ Conterencc'l: Purdue gniveraicysc:h;sgf-?sm fg;;illty
ready made by the Structural Analysis Division of Brooke ' ’ )
haven National Laboratory. This reliability analysis : s e
method can be used to svaluate the raliability level in

the exigting structures and it can alse be used to dem )
velop load combination criteria for design of nuclear
structures,

Another application of this reliability analysis
method is to construct the fragility curves for PRA
studies, Since the fragility curve generated by this <
approach is based on rigorous applications of probabie _ ¢
-1istic structural analysis, such a fragility curve IF
would represent conditional 1limit state probability
more objectively and thus enhance the credibilicy of
the PRA results,

The present method essentially useg the frequency pn
domain analysis when dealing with the seismic load, In a5-0
this respect, it i3 important to confirm more carefully
the validity of .the assumed analytical form of the
spectral density of the earthquake ground acceleration. 150'-6"
The adequacy of the assumption that the acceleration
can be idealized as a segment of stationary Caussian X
process is, however, generally accepted. The impore "
tance of considering variability of some other paramw
eter values is recognized and sensitivity analyses to
reinforce and complement the reliability analysis pre-

ot
:
sented here will be carried out in the future, .Y %
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Fig, 1 Containment Structure.
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