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SUMMARY

A reliability analysis method for nuclear containment structures has
been developed by Brookhaven National Laboratory. This method incorporating
finite element analysis and theory of random vibration, is able to evaluate
the safety of structures under various static and dynamic loads. In this
paper, the reliability analysis method is applied to a real reinforced
concrete contaimment subjected to dead load and site-specific earthquake
ground acceleration, which is assumed to be a Gaussian process with zero
mean and Kanai-Tajimi spectrum. Furthermore, all seismic hazard is also
included in the analysis. Finally, the reliability analysis results are
presented .

INTRODUCTION

The safety of nuclear power plant structures is of primary concern to
the regulatory agencies and the nuclear industry because of the serious
socio—economic consequences that could result from structural failures.
Recently, a probability-based reliability analysis method for containment
structures has been developed by Brookhaven National Laboratory (BNL) (Ref.
1,2,3,4). An important feature of this methodology is the incorporation of
finite element analysis and random vibration theoxy. By utilizing this
method, it is possible to evaluate the safety of nuclear structures under
various static and dynamic loads. In this paper, the results of the
reliability analysis of a real reinforced concrete containment structure
under dead load and earthquake ground acceleration are presented.

CONTAINMENT DESCRIPTION

The contaimment structure selected for the analysis is a real PWR con—
tainment in the U.S. Hence, the geometries and reinforcements of the
contaimment are taken from the Final Safety Analysis Report (FSAR) and
drawings. The contalinment structure consists of a vertical cylinder with a
hemispherical dome on the top, and the cylinder—-dome system is considered to
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be fixed at the base. The contaimment structure and its dimensions are
illustrated in Fig. 1. The containment wall is reinforced with hoop,
meridional and diagonal rebars. The details of rebar arrangement for
cylindrical portion and dome of the containment are tabulated in Tables 1
and 2, respectively.

In the present study, the material properties are taken to be the best
estimated value. The variations of material properties will be included in
the sensitivity studies in the future. The properties for the concrete and
rebars are summarized as follows:

A) Concrete

The minimum compressive strength of concrete at 28 days is 3000 psi.
However, the mean value is estimated to be 4896 psi from test data. The
weight density of the concrete is taken to be 150 1b/fe3. Young's modulus
and Poisson's ratio are 3.1 x 106 psi and 0.2, respectively.

B) Reinforcing Bars

As can be seen from Tables 1 and 2, No. 18 rebars are the main rein-
forcement used in the containment structure. Hence, the statistics for No.
18 rebars is used to represent all other types of rebars. Young's modulus,
Eg, and Poisson's ratio are taken to be 29.0 x 106 psi and 0.3, respec—
tively. From the test data, the yield strength fy is estimated to be 71.8
ksi.

FINITE ELEMENT ANALYSIS

In order to utilize the finite element analysis results in computing
the limit state probabilities, the contaimment modelling should be made in
such a way that the local coordinates of the elements have the same direc-
tions as those of the rebars. This is very easy to achieve in this study,
since all the rebars are in the hoop and meridional directions.

The finite element utilized in the analysis is the shell element as
described in the SAPV computer code. A three-dimensional finite element
model as shown in Fig. 2 is used for the structural analysis of the con-
taimment. Also, a detailed cross—sectional view of the contaimment model is
shown in Fig. 3. As can be seen from this figure, the containment is divided
into 23 layers. Except the top layer of the dome, each layer has 24 ele-
ments such that the nodal points are taken every 15° in the circumferential

direction. This discretization requires a total of 553 nodes and 540
elements.

For dynamic analysis of structures, modal analysis is employed. Hence,
the dynamic characteristics of the structures are represented by the natural
frequencies and associated mode shapes. Using the model described, the
first 20 natural frequencies and corresponding modes are evaluated. It is
important to choose the significantly participating modes which need to be
included in the reliability analysis. In this study, only the first and
second pairs of bending modes are chosen for the analysis.
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PROBABILISTIC MODELS FOR LOADS

Various static and dynamic loads act on the contaimment structure
during its lifetime. These loads may be caused by normal operating, en-
virommental and accidental conditions. Since the loads intrinsically in—
volve random and other uncertainties, an appropriate probabilistic model for
each load must be established in order to perform reliability analysis. In
this paper, only the dead load and earthquake ground acceleration are taken
into consideration in the analysis.

Dead Load

The dead load primarily arises from the weights of the contaimment
wall. It is noted that there are some uncertainties as to the actual mag-
nitude of the dead load. For the purpose of this analysis, however, dead
load is assumed to be deterministic and is equal to the design value, which
is computed based on the weight density of reinforced concrete as 150
1b/£t3.

Earthquake Ground Acceleration

The earthquake ground acceleration is assumed to act only along the
global x (horizontal) direction. It is further assumed that the ground
acceleration can be idealized as a segment of finite duration of a
stationary Gaussian process with mean zero and Kanai-Tajimi spectrum;

S ) =5 [1+ 4E2 (/w1 /101-w/w )17 + 482 w/w )P oD
g8XX o g 28 g g g

where the parameter S, represents the intensity of the earthquake and Wwg
and Eg are the dominant ground frequency and the ground damping ratio, re-
spectively. The values of ®, and Eg depend on the soil conditions of the
chosen site. For the present study, Wy = 8 Trad/sec and Eg = 0.6 are used.
Also, the mean duration Hgg of the earthquake acceleration is assumed to
be 15 seconds. The peak ground aceleration A;, given an earthquake, is
assumed to be A] = pg Og where pgy is the peak factor and is assumed

to be 3.0 and 0, is the standar§ deviation of the ground acceleration. By
integrating Eq. l with respect to ®, Og is obtained as follows:

o = Ynw [2 + 1/(25)) VS5 (2)
24 g g 24
and
Ay = u V8o with ag = Pg/%Zijﬁ?zgifi/(Zﬁéj] (3)

If the earthquake occurs in accordance with the Poisson law at a rate g
per year, it is easy to show that the probability distribution Fu(a) of
the anmual peak ground acceleration A is related to the probability distri-
bution Faj(a) of Ay in the following fashion.

Fp(a) = exp{~Ag[l - Fai(a)]} (4)

Therefore, if a, indicates the minimum peak ground acceleration for any
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ground shaking to be considered an earthquake, Fa1(ag) = 0 and hence
AE = — 1n Fa(ag). Assuming that Fp(a) is of the extreme distri-
bution of Type II, Fp(a) = exp[-(a/u)”®] with o = 3.14 and u = 0.0135,
one finally obtains

FAl(a) = 1 - (a/ao)‘a a >/ ao (5)

Under these conditions, one finds that Ag = 1.64 x 10'2/year provided
that ag = 0.05g. Combining Egs. (3) and (5) and writing Z for VS,, one
further obtains the probability distribution of Z as follows:

Fz(z) =1 = (%z/ag)™% 2z % aglag (6)

The information about the maximum earthquake ground acceleration, apgax,
which represents the largest earthquake possible to occur at a particular
site is needed in order to determine the limit state probability. In this
study, ap,y is chosen to be equal to 0.71g-

LIMIT STATE FOR CONTAINMENT

In this paper, the limit state is defined according to the ultimate
strength theory of the reinforced concrete. For flexural failure of a ele-
ment, the limit state is reached when a maximum compressive strain at the
extreme fiber of the cross—section is equal to 0.003, while the yielding of
rebars is permitted. Based on the above definition of the limit state and
the theory of reinforced concrete, for each cross—-section of a finite cle-
ment, a limit state surface can be constructed in terms of the membrane
stress T and bending moment m, which is taken about the center of the
cross—section (Ref. 5). A typical limit state surface is shown in Fig. 4.
In this figure, point "a” is determined from a stress state of uniform
compression and point "e" from uniform tension. Points "¢" and “¢'" are
so-called "balanced point"”, at which a concrete compression strain of 0.003
and a steel tension strain of fy/Eg are reached simultaneously. Fur-
thermore, lines abc and ab'c' in Fig. 4 represent compression failure.
Lines cde and c'd'e represent tension failure.

LIMIT STATE PROBABILILTY

Analytically, the eight straight lines of the limit state surface as
shown in Fig. 4 are expressed as follows:

Rj - [Aj]T (e =0 j=1,2,...8 7

where [T(e)] is the element stress vector, and Ry and [Aj] are con-

stants and constant vectors, respectively. In this paper, the stress vec-
tor, [t(e)], consists of two vectors; [T(e)]o, and [T(e)]d« The

vector [T(eslo is the stress vector due to dead load and is time-invar-—
iant and deterministic based on the dead load assumption. The vector

[t'®)]4q is stress vector due to the earthquake acceleration and it can
be computed as (Refs. 1, 2).

[(®)1g = z[e(®)]v,] with [e(®)] = (3] [ol)] L] (8)
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In this expression, SB(e)] and [¢(e)] are such that [T(e)]
= B(e)] &)y with Eu(e ] being the element nodal displacement vec-—
tor and [u(e)] = [¢<e ] [q] with [q] being the generalized coordinate
vector, respectively. The vector [v,] is obtained from a linear trans-
formation [qy] = [Lg] [Vvo] such that the covariance matrix [Vy v |
of [vo(t)] becomes ?Im] = mxm identity matrix (m=number of mod®s°con-
sidered). The vector [q,] is the generalized coordinate vector when Z =
/§,= 1/in%/sec”. Thus,[r€e)] has the following expression:

(] = @+ 2 9] [v)] 9)
Substitating Eq. (9) into Eq. (7), one obtains

vie) - Z[n(J.e>]T [vo] = 0 (10)
where

(a{)) = [a¢e))/[ale)] wicn (aleNT = [ay)Tre(e))
and

Yge> = (Ry - (43517 [c(®)]5)/ |ng>|

Let X%F) be max | n(%)]T [vol| in 0 < t <upg and the probability
distribution of X 3) is derived in Ref. 2.

The conditional limit state probability with respect to line j, Pj (e), is
obtained as

p(e) = pr [v(e) - zx(e) <0 ] (11)
i i ]

Assuming the containment will not fail under dead load alone, then Yge> is
positive and V%” can be expressed as follows: (Refs. 1, 2)

-

p(°> :.[“max v (g exp[1/2(v(8)/2)2] £ (2)dz (12)
3 ) jo HAE ©XP Yj A 1
“min

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

8

max P%e> < pe) £ E:

- -j;-'l

Finally, the unconditional limit state probability, Pg¢, during the
lifetime T years is approximated as

P%Q) (13)

Pf = Tap P(e) (14)
RELIABILITY ANALYSIS RESULTS

On the basis of the finite element model, limit state, loading condi-
tions and reliability analysis method described in the preceding sections, a
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reliability analysis of the contaimment under the combination of dead load
and earthquake ground acceleration has been carried out. The limit state is
reached as the tensile yielding of meridional rebars in the critical ele-
ments 6, 7, 18 and 19. These critical elements are located at the first
layer and ad jacent to global x—axis. The locations of the critical elements
and the manner in which the limit state is reached are obviously consistent
with the structural and loading symmetry with respect to the x-axis. The
lower and upper bounds of the conditional limit state probability p(D+E)

are found to be very close and equal to 1.02 x 10-8, Finally, the uncon—
dit%onal limit state probability during the lifetime of 40 years is 6.72 x
1077,
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45'-5" to 50"~3"
50'-3" to 54'-10Q"
54"-10" to 110'-6"

110'-6" to 148'-0"

Table 1 Cylinder Reinforcement
Meridional
Elevation Hoop Primary Secondary Diagonal
0 to 25'-0" 2#18 @ 14 in| 1#18 @ 12 in | 1#18 @ 12 in [1#18 @ 30 in
25'"-0" to 45'-5" " v 1#11 @ 12 in "

2#11 @ 36 in

1#11 @ 36 in

1#18 @ 60 in
1#14 @ 60 in +

Table 2 Dome Reinforcement

Angle From Spring
Line (Degrees)

Hoop

Meridional

Diagonal

0°-9.5°

9.5°~18.5°
18.5°-35°
35°-55°
559-60°
60°-75°
75°-83°
83°-86°

86°-90°

;@ 8 1/4" outside
1#14
‘@ 8.0" inside

1#14 @ 8.0 in

r

1#l4 @ 9.0 dn

1#18 @ 0.796°

1#18 @ 1.593°
1#18 @ 3.186°
1#18 @ 6.37°

1#18 @ 12.74°

L#L8+L#L4 @ 4°
(horiz. dist.)

1#11 @ 2°
(horiz. dist.)
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Fig. 2 Three-Dimensional Model
for Containment.

Fig. 1 Reinforced Concrete
Containment Structure.
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Fig. 3 Cross Section of Fig. 4 Limit State Surface.

Containment Model.
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