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Abstract

In the current design criteria, the load combinations specified for
design of concrete containment structures are in the deterministic fof-
mat. However, by applying the probability-based reliability analysis
method developed by BNL to the concrete containment structures designed
according to the criteria, it is possible to evaluate the reliability
levels implied in the current design criteria. For this purpose, the re-
liability analysis is applied to the Indian Point Unit No. 3 contain-
ment. The details of the containment structure such as the geometries
and the rebar arrangements, etc., are taken from the working drawings and
the Final Safety Analysis Report. Three kinds of loads are considered
in the reliability analysis. They are, dead load, accidental pressure
due to a large LOCA, and earthquake ground acceleration. This paper
presents the reliability analysis results of the Indian Point Unit 3
containment subjected to all combinations of loads.

1. Introduction

Concrete containment structures in the United States are currently
desiyned according to the ASME code[1] and other supplementary require-
ments such as Standard Review Plan (SRP)[12], etc. The load combinations
specified in these criteria are in the detemministic format and the re-
liability levels implied in the load combinations are not stated ex-
plicitly. However, it is important to evaluate these reliability levels
to insure the safety of the nuclear structures,
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The Structural Analysis Division of Brookhaven National Laboratory
(BNL) has been developiny a probability-based reiiability analysis meth-
odology for nuclear structures, particularly for concrete contaimment
structures.[4,7,10,11] An important feature of this methodology is that
the finite element analysis and random vibration theory have been incor-
porated into the reliability analysis. By utiliziny this method, it is
possible to evaluate the safety of nuclear structures under various
static and dynamic loads in terms of limit state probability.

By applying the reliability analysis method to the concrete con-
tainment structures designed accordiny to the criteria mentioned above,
it is possible to evaluate the reliability levels implied in the current
design criteria. For this purpose, the reliability analysis is applied
to the Indian Point Unit No. 3 containment structure. The results of
the reliability analysis are presented in this paper.

2. Contairmment Description

The Indian Point Unit No. 3 nuclear power plant employs a pressur-
ized water reactor (PWR) nuclear steam supply system furnished by West-
inghouse Electric Corporation. The contaimnment structure consists of a
vertical rignt cylinder with a hemispherical dome on the top. The cy-
linder-dome system is built on a basemat of thickness 9'-0" (2.75m).
Thus, the cylinder-dome system is considered to be fixed at the base in
the present analysis for simplicity. The thickness of the dome is equal
to 3'-6" (1.07m), whereas the thickness of the cylindrical wall is 4'-6"
(1.4um). The inside radius of the dome and the cylinder is equal to
67'-6" (2u0.59m). The heiynt of the cylindrical wall is 148'-U" (45.14m)
and the total height of the containment is 219'-U" (66.8Um). The con-
tainment wall is reinforced with hoop, meridional and diayonal rebars,
The details of rabar arrangement for the cylinder and the dome of the
containment are tabulated in Tables 1 and 2, respecitvely,

The containment structure is subjected to various static and dy-
namic 1nads during its lifetime, In this study, only three types of
loads are taken into consideration. They are: dead load, accidental
pressure and earthquake ground acceleration, From reviewing the '
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drawings and the Final Safety Analysis Report (FSAR)[8], it is found
that there is no live load acting on the containment structure,

The dead loads arise mainly frcm the weiyhts of the dome and the
cylinder. The weight density of the reinforced concrete is taken to be
150 1b/ft3 (23.55 kN/m3). The accidental pressure is assumed to be
caused by a large Loss of Coclant Accident (LOCA). The accidental pres-
sure is considered as a quasi-static load and is uniformly distributed
on the contaimment wall, Tne design value of the pressure is 47 psi
(0.32MPa). From FSAR, the design value of the ground acceleration for
the Operating Basis Earthquake (OBE) is 0.1 g applied horizontally and
0.05 g applied vertically. Additionally, the ground acceleration for
the Design Basis Earthquake (UBE) is 0.15 g horizontally and 0.10 g
vertically.

3. Containment Modelling

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

L]
t

tions.

The finite element utilized in the analysis is the shell element as
described in the SAPV computer code. A three-dimensional finite element
mode]l is used for the structural analysis of the contaimment., A de-
tailed cross-sectional view of the containment model is shown in Fig. 1.
As can be see from this figure, the contaimmenc. is divided into 23 la-
yers. Except at the top of the dome, each layer has 24 elements such
that the nodal points are taken every 15° in the circumferential direc-
tion. This discretization requires a total of 553 nodes and 540 ele-
ments. The boundaries of the elements are made such that it matches the
change of the reinforcements., Hence, the amount of reinforcements in
most of the elements is the same as shown in tables 1 and 2. However,
the meridional rebars in the dome portion are varied in different ele-
vations, an average value of the meridional reinforcement in these elé-
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ments is used. It is noted that the diagonal rebars, which provide in-
plane seismic shear resistance, are not included in the present analy-
sis, The liner is also disregarded as a load carryiny structural com-
ponent in the analysis. Furthermore, such other complications as pene-
trations, personal lock and equipment hatches are not included in the
study.

4, Material Properties

In order to perform a reliability analysis, it is necessary to de-
temmine the actual material properties, In the present study, the mean
values of the material properties are used in the analysis. The varia-
tion of material properties will be included in the sensitivity studies
in the future. The properties for the concrete and rebars are summarized
as follows:

Concrete

The minimum compressive strength of concrete at 28 days used for
the Indian Pont Unit No. 3 containment is 3000 psi (2U.7MPa). However,
the mean value of the compressive strength is estimated to be 4896 psi
(33.78MPa) from test data. The weight density of the concrete is taken
to be 150 1b/ft3 (23.55N/m3). Young's modulus and Poisson's ratio |
are 3.1 x 106 psi (21390MPa) and 0.2, respectively. :

Reinforcing Bars

As can be seen from Tables 1 and 2, No. 18 rebars are the main re-
inforcement used in the contaimment structure, Hence, the statistics
for No. 18 rebars is used to represent all other types of rebars.
Young's modulus and Poisson's ratic are taken to be 29.0 x 108 psi
(20010UMPa) and 0.3, respectively, From the test data the mean value
of the yield strength f, are estimated to be 71.8 ksi (495.42MPa).

5, Probabilistic Models for Loads

Various static and dynamic loads act on the contaiment structure
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during its lifetime. These loads may be caused by normal operating,
environmental and accidental conditions. Since the loads . atrinsically
involve random and other uncertainties, an appropriate probabilistic

model for each 1oad must be established.
Dead lLoad

As mentioned in Scction 2, the dead load primarily arises from the
weights of the contaimment wall. It is noted that there are some uncer=
tainties as to the actual magnitude of the dead load.[6] For the pur-
pcse of this analysis, however, dead load is assumed to be cdetemministic
and is equal to the design value, which is computed based on the weight
density of reinforced concrete as 15C 1b/ft3 (23.55kN/m3).

Accidental Pressure

The accidental pressure is considered as a quasi-static load and it
is uniformly disiributed on the containment wall, The accidental pres-
sure is idealized as a rectangular pulse and will occur in accordance
with the Poisson law durinc the containment life. Under these assump-
tions, three parameters are required to model the accigental pressure:
the occurrence rate X p (per year), the mean duration wgqp (in sec-
onds) and the intensity F. For the Indian Point Unit No. 3 conta1nnent
the mean duration is taken to be 1200 seconds. This value is obtained:
fram the approximation of the time history. According to the Indian
Point Probabilistic Safety Study[9], the mean occurreace rate for a
large LUCA is 2.16 x 10'3/yr. The intensity of the accidental pres-
sure is treated as a G'ussian random variable. The consensus suivey of
the nuclear structural loads, which was carried out by BNL, indicales
that the ratio of the mean value to the design value is 0.89 and the
coefficient of variation is 0.12.[5,6] Sirce the design value of the
accidental pressure is 47 psi, (0.32MPa), the mean value, P and the
standard deviation, op, are 41,83 psi (0.29MPa) and 5.U2 psi (0.0345
MPa), respectively.



Earthquake Ground Acceleration

The earthquake ground acceleration is assumed to act only along the
global x direction. The ground acceleration is idealized as a seyment
of a stationary Gaussian process with mean zero and 2 Kanai-Tajimi spec-
trum. The Kanai-Tajimi spectrum has the following expression:

1+ 4c2(w/wg)2

S (w) =S (1)
99770 [1 - (wug)?JF + dcd(usug)?

where the parameter S, represents the intensity of the earthquake.

wg and rg are the dominant ground frequency and the critical damp-
ing, respectively, which depend on the soil conditions of a site. The
scil condition of the Indian Point Fower Plant is determined as rock.[8]
For such a soil condition, Ref. 3 recammends that g and ;g in Eq. 1
are taken to be 8wrad/sec and 0.6, respectively. The mean duration
uge Of the earthquake acceleration is assumed to be 15 seconds. The
peak ground acceieration A;, given an earthquake, is assumed to be

Al = Pgdy where pe is the peak factor which is assumed to be

3.0. The standard deviation of the ground acceleration, 0g» computed
by integrating the Kanai-Tajimi spectral density function with respect

tC‘w. fS
y

° =\ﬁwg(§;‘—g v 2) /5, (2)

The peak yround acceleration A, given an earthquake, can be rewrit-
ten as
AL = 7Sy (3)

where

1
= —— P 4
ug Pg "w9(2§g 259) (4)

If the earthquake occurs in accordance with the Poisson law at a rate
)¢ per year, it is easy tc show that the probability distribution
Fa(a) of the annual peak ground acceleration A is related to the
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probability distribuiton FAl(a) of Ay in tre following fashion,

Fala) = exp{-ﬁf[l - FAl(a)]}
or (5)

afa) = 1+ %E [ en Fala)]

Therefore, if a, indicates the mirimum peak ground acceleration for
any ground shaking to be considered an earthquake, FAl(‘o) = 0 and

hence, Ag = - &n Fulay). Assuming that Fu(a) is of the ex-
trewe distribution of Type II, i.e.,

Fa(a) = exp[~{a/u)=%] (6)

where a and y are two parameters to be determined. By least square fit-
ting to a harzard curve given in the PRA study[3], we find a = 3,14 and
u = 0.0135.

From Eqs. 5 and 6, we obtain:
FAl(a) =1 - (a/ag)~e 223 (7)

Under these conditions, one finds that Xg = 1.64 x 10-2/year for

ag = 0.05 g. Combining Eqs. 3 and 7, and writing Z for Sos we fur-.
ther obtain the probability distribution and density functions of Z in
the forms, respectively,

Fz(z) = 1 - (agz/ag)™®
for z % a5/ 9%y (8)

fz(z) = a(ag/ao)(agz/ao)‘(u*l)

The information about the maximum earthquake ground acceleration,
amaxs Which represerts the largest earthquake possible tu occur at a
particular site, is needed in order to detemine the limit state prob-
ability. In this study, apax 1S chosen to be equal to 0.77 j.
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6. Finite Element Analysis

Static Analysis

As mentioned in Section 5, dead load and accidental pressure are
cons iderea to be stacic loads acting on the containment, Using the fi-
nite element model described in Section 3, a static analy: > of the con-
tainment due to dead load alone is performed. Similarily, the analysis
of the contaimment due to unit accidental pressure alone is also carried
out. These results are going to be used in the reliability analysis.

Dynamic Analysis

For dynamic analysis of structures, modal analysis is emiloyed.
Hence, the dynamic characteristics of the structures are represented Dy
the natural frequencies and associated mode shapes. Using the model de-
sciibed in Section 3 and one half of the stiffness of the uncracked sec-
tion, the first 20 natural frequencies and corresponding mode shapes are
evaluated. It is important to . hoose the significantly participating
modes for the reliability analysis. In this study, only the first and
second pairs of bending modes are included in the analysis.

7. Limit State For The Contuimment

A limit state essentially represents a state of undesirable struc-
tu~al behavior. In yeneral, it will depend on the characteristics of
the structures and the loadings that act on the structures. For a
particula: structura: system, it is possible that more than one limit
state may be considered. Limit states 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 contaimments is defined
according to the ultimate strenyth theory of the reinforced concrete.
It is described as follows: At any time during the serivce life of the
structure, the state of structural iesponse is considered to have
reached the limit state if a maximum compressive strain at the ext reme
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fiber of the cross-section is equal to 0.003, while the yielding of re-
bars is permitted. Based on the above definition of the limit state and
the theory of reinforced concrete, for each cross-section of a finite
element, a 1imit state surtace can be constructed in terms of the mem-
brane stress and bendiny moment, which is taken about the center of the
cross-section. [2] A typical limit state surface is shown in Fig. 2.

In this figure, point "a" is detemmined from a stress state of uniform
are

compression and point “e" from uniform tension. Points "“c" and "c
the so-called "balanced point", at which a concrete compression strain
of 0.003 and a steel tension strain of f,/Eg are reached simultane-
ously. Furthermore, lines abc and ab'c' in Fig. 2 represent compression
failure and lines cde and c'd'e represent tension failure.

8. Reliability Analysis Results

The reliability analysis methodology used in this study is sum-
marized in Ref. 4. Based on this reliability analysis method, the
structural moJel, loading conditions and the limit state described in
the preceding sections, the reliability analysis for the Indian Point
Unit No. 3 containment structure is carried out. The results are pre-
sented in this section,

Dead Load and Accidental Pressure (D+P)

The load characteristics of the dead load and the accidental pres-
sure due to a large LOCA are described in Sections 5. The conditional
limit state probability of the critical elements is 3.99 x 10-7, The
critical elements are the elements denoted as 289 to 312, which are
located in the first layer of the dome section just above the spring
line. Since the structure and the ioads are both axisymmetrical in this
case, all the elements located at the same level have the same limit
state probability. The limit state is reached as the hoop rebars in the
critical elements are yielded. When the ccnditional limit state proba-
bility is multiplied by the expected number of such simultaneous occur-
rences during the contaimment service life of forty years, the uncondi -
tional limit state probabilities Pg(D+P) under the simultaneous action
of D and P is obtainea, and is equal to 3.46 x 10-8, '
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Dead Load and Earthquake Ground Acceleration (D+E)

The analytical idealization of the earthquake ground acceleration
is presented in Section 5. For the combination of the dead lvad and
earthquake ground acceleration, the critical elements are elements 6, 7,
18 and 19. These elements are located in the lowest finite element
layer and immediately adjacent to the global x axis. In this case, the
limit state is reached as the meridional reinforcing bars in the criti-
cal elements are yielded. 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 un-
der this particular load combination. The lower and upper bounds of the
conditional limit state probability p(D+E) ace found to be very close
and equal to 1.02 x 10-8, Multiplying by the expected number of sim-
ultaneous occurrences of D and E, the unconditional limit state prob-
ability during the 40 year lifetime is 6.72 x 109,

The frayility curves are used in seismic probabilistic risk assess-
ment (PRA) studies for nuclear powe~ plants. The fragility is defined
as the conditional limit state probability for a given peak ground ac-
celeration. Using the BNL method for generating fragility curves(4], a
fragility curve for the flexural 1imit state of the containment is pre-
sented in Fig. 3 and Table 3 shows the corresponding numerical values,
Since all the data used in the analysis are taken to be best estimate .
values (or mean values), this fragility curve may be interpreted as the
mean fragility curve. It can be seen from Table 3, the peak ground ac-

.

celeration corresponding to the median of the curve is 1.2y.

Dead Load, Earthguake Ground Acceleration_and Accidental Pressure (D+E+P)

The probabilistic characteristics of the loads are described in
Section 5. Under the combination of these loads, the critical elements
are found to be elements 294, 295, 306 and 307, which are located imme-
diately adjacent to the global x-axis (when projected cnto a horizontal
plane) at the first layer above the springline, This is the same level
at which the critical elements are found under the D+P load combination.
The manner in which the limit state is reached is also the same as for
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the D+P combination (i.e., yielding of the hoop rebars). The lower and
upper bounds of the conditional limit state probability p(D+E+P) ynder
this load combination are also very close and the average is 1.62 x
105, Finally, multiplying by the expected number of simultaneous oc-
curence of these loads, the unconditional limit state probability
P¢(D+E+P) under this load combination during the containment life of
forty years is 8.85 x 10-13,

Comparing the limit state probabilities under the load combination
D+P with those under the combination D+E+P, it is observed that (1) the
mode in which the limit state is reached (yielding of the hoop rebars)
in the critical elements is the same and (2) the critical elements under
the load combination D+E+P comprise the four elements which are most
stressed by the additional earthquake load among those critical elements
under the load combination D+P, These observations s.jgest that the
accidental pressure P is a dominant factor in controlling the condition-
al limit state probability. The substantial reduction in the uncondition-
al probability Ps(D+E+P), as compared with P¢(D+P), is primarily
attributable to the fact that the probability of simultaneous occurrence
of three loads, D+E+P, 5.46 x 10-8, is much smaller than that of two
joads D+P, 8.64 x 10-2,

Overall limit State Probability

The limit state probabilities evaluated in the preceding section
are those at the critical elements within the containment under various
load combinations. While the limit state probability of the contaimment
as a whole, or the system limit state probability, under a certain load
combination is always larger than that of the critical elements, the au-
thor's experience in structural reliability analysis suyyests that the
difference between the systeas limit state probability and the limit
state probability of the critical elements is tolerable for the type of
load-structure system under consideration. Therefore, for the sake of
analytical simplicity and computational economy, the present study ap-
proximates the containment limit state probability under each load com-
bination by the critical element limit state probability. Under the as-
sumption that the containment will not fail under dead load alone, thé
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overall contaimment limit state protability ps is then obtained as the
sum of the limit state probabilities under all these (mutually exclu-
sive) load combinations, Hence, the containment limit state probabil-
ity is 4.13 x 10-8 for its lifetime of forty years. The reliability
analysis results of the contaimment are summarized in Table 4.

9. Concluding Remarks

This paper presents the reliability analysis results of the Indian
Point Unit No. 3 containment structure under dead load, accidental pres-
sure and earthquake ground acceleration., The reliability analysis meth-
od for concrete containment structures developed by BNL is employed in
the analysis. This is the first attempt to carry out the reliability
analysis for the existing containment structures in order to evaluate
the reliability levels implied in the design criteria, It is noted
that the estimated reliability levels are affected by the judyements
made in the desiyn process and the assumptions made in the reliability
evaluation. In order to reasonably assess the reliability levels im-
plied in the design criteria, it is recessary to continue t, = efforts by
carrying out the reliability analysis for other existing containment
structures designed according to these criteria.
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Table 1. Cylinder Reinforcement.
Meridional
levation Hoop Primary Secondary Diagonal
|
to 25'-0" 2#18 @ 14 in [1#18 @ 12 in |1#18 @ 12 in |1#18 @ 30 in

5'-0" to 45'-5"

[45'-5" to 50"-3"

1#11 @ 12 in

2#11 @ 36 in

50'-3" to 54'-10" v < 1411 @ 36 in 5
4l_10. " " "
to 110'-6"
110 -6" . ¢
to 148'-0" 1#18 @ 60 in+
1#14 @ 60 in
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Table 2. Dome Reinforcement,

kngle From Spring
Line (Degrees) Hoop Meridional Diagonal
@ 81/4" outside
0°-9,5° 1#14 1#18 @ 0.796° | 1#18+1#14 @ 4°
@ £,0" inside (horiz. dist.)
19.5°-18.5° 1#14 @ 8.0 in - -
18.5°-35° - . 1#11 @ 2°
(horiz.
dist.)
350_550 " "
b5°-60C° 1#14 ¢ 9.0 in "
606°-75° . 1#18 @ 1,593°
75°-83° . 1#18 @ 3.186°
P3°-86° " 1#18 @ 6.37°
36°-90° ¥ 1#18 @ 12,.74°
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Table 3. Fragility Curve.

PGA(9g) p(D+E) PGA(gy) p(D+E)
0.60 2.15 E-6 1.205 0.50
0.65 3.79 E-5 1.25 0.61
0.70 2.45 E-4 1.30 0.71
0.75 1.11 E-3 1.36 0.80
0.80 3.86 E-3 1.40 0.86
0.85 1.09 E-2 1.45 0.92
0.90 2.58 £-2 1.50 0.95
0.95 5.34 E-2 1.55 0.97
1.00 9.84 E-2 1.60 0.98
1.05 0.18 1.65 0.99
1.10 0.27 1.70 1.00
1.16 0.38
1.20 0.49

Table 4. Limit State Probabilities.
Expected Number | Conditional | Unconditional
Load Com- of Limit State Limit State Critical
binations Occurrences Probability Probability Elements
[ pep 8.64x10-2 3.99x10-7 3.46x10-8 289,290,
s sadbn
D+E 6.56x10"1 1.02x10-8 6.72x10"9 6,7,18,
19
D+E+P | 5.46x10-8 1.62x10-5 8.85x10-13 | 294,295,
306, 307
Overall --- - 4,13x10-8 -—-
NOTE: Assuming the contaimment will not fail under dead load alone.
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