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Abstract

In the current design criteria, the load cambinations spec' fied for design of
concrete containment structures are in the deterministic formats. However, by
applying the probability-based reliability method developed by BNL to the con-
crete containment structures designed according to the criterfa, 1t 1s possi-
ble to evaluate the reliabiiftty levels implied in the cu/rent design criteria.
For this purpose, the reliability analysis is applied to the Indian Point Unit
No. 3 contaimment,

The details of the contaimment structure such as the geametries and the rebar
arrangements, etc., are *aken from the working drawings and the final safety
analysis reports, Three kinds of loads are considered in the reliabi]ity
analysis. They are, dead load (D), accidental pressure due to a large LOCA
(P)s and earthquake ground acceleration (E). Reltability analysis of the
containment subjected to all comdinations of loads is performed. The results
are presented in this report,
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Lo INTRODUCTION

Concrete contaimment structures In the United States are currently designed
according to the ASME code! and other supplementary requirements such as
Standard Review Plan (SRP)Z, etc, The load cambinations specified in Lhese
criterie are 1n the deterministic ‘ormat and the reltabiiity levels implied in
the load cambinations are not stated explicitly., For the safety evaluation of
the nuclear structures, however, 1t 15 important to know these reliability
levels,

The Structural Analysis Utvision of Brookhaven National Laboratory (BNL) has
been deve'oping a probabi!ity<based reltabtiity analysis methodol ogy for nu-
clear structures, particularly for concrete contaiment structures,t*® An
important feature of this methodology 18 the incorporation of finite element
analysis and randam vibration theory, By utilizing this method, 1t 1% pos-
sible to evalurts the safety of nuclear structures under various static and
dynamic loads ' tems of 1imit state probability,

By applying the reltability analysis method to the concrete contaltment strucs
tures designed according to the criteria mentioned above, 1t 15 possible to
evaluate the reliability levels tmplied In the current design criterta, For
this purpose, the relianiiity analysis 15 applied to the Indian Point Unit Ne,
J contatment structura, The results of the reliabiiity analysis are pre-
senved 1n this report,

2, CONTAINMENT DESCRIPION

The Indian Point Unit Mo, J nuclear power plant employs & pressurized wter
roactor auclear stem supply system furnianed by Westinghouse flectric Cors
pration, The containment structure campletely encloses toe entire reactor
and resctor coolant systam and ensures that essential ly no leshage of radioacs
tive materials to the environment would result even 1 gross fatlure of the
reactor coolunt system were to occur, The structure also provides biolegical
shiwlding for normal and accident situations,



Two typical cross-sections of the containment are shown in Figs. 1 and 2. The
reactor containment structure consists of a vertical right cylinder with a
hemispherical dame on the top. The cylinder-dome system is built on a base-
mat with thickness 9'-0". Thus, the cylinder-dome system is considered to be
fixed at the base in the present analysis for simplicity. The concrete con-
tainment structure is illustrated in Fig. 3. The thickness of the dome is
equal to 3'-6", whereas the thickness of the cylindrical wall is 4'-6". The
inside radius of the dome and the cylinder 1s equal to 67'-6". The height of
the cylindrical wall is 148'-0" and the total height of the contaimment i3
219'-0", These dimensions are also shown in Fig. 3.

2.2 Design Loads

The containment structure is subjected to various static and dynamic loads
during its lifetime. In this study, only three types of loads are taken into
consideration. They are: dead load, accidental internal pressure and earth-
quake ground acceleration. From reviewing the drawings and the Final Safety
Analysis Report (FSAR)7, it is found that there is no live load acting on

the contaimment structure.

The dead loads arise mainly from the weights of the dome and the cylinder.

The weight density of the reinforced concrete is taken to be 150 1b/ft3,

The accidental internal pressure is assumed to be caused by a large Loss of
Coolant Accident (LOCA). The time history of the accidental pressure is shcwn
in Fig. 4, which is taken from FSAR. The accidental pressure is considered as
a quasi-static load and is uniformly cdistributed on the containment wall. The
design value of the pressure is 47 psi.

From FSAR, the design value of the ground acceleration for the Operational Ba-
sis Earthquake (OBE) is determined to be 0.1 g applied horizontally and 0.05 g
applied vertically. Additionally, the ground acceleration for the Design Ba-
sis Earthquake (DBE) is determined to be 0.15 g horizontally and 0.10 g verti-
cally.



2.3 Rebar Arrangements

The containment wall is reinforced with hoop, meridional and diagonal rebars.
A typical rebar arrangement for the cylindrical wall is shown in Fig. 5. The
hoop and meridional rebars are divided into two groups and each group is
placed close to the wall surface. The diagonal rebars are only in one group,
which is placed close to the outer surface.

The details of the rebar arrangements for the cylindrical portion of the con-
tainment are described below. Each group of the hoop reinforcement consists
of two layers of No. 1€ rebars with 14 inch spacing and remains constant
throughout the cylindrical portion of the containment. There are two kinds of
the meriaional rebars: primary and secondary. Each group of the primary
meridional rebars contains one layer of No. 18 rebar with 12 inch spacing.

The primary rebars remain constant in the cylindrical portion and extend into
the dome of the containment. The secondary meridional rebars are placed at
the bottom third of the cylinder, i.e., from the basemat to the elevation of
54'-10" (zero elevation at base is used in this report). The amount of sec-
ondary rebars is varied at different elevations as summarized in Table 1. It
is noted that there is one out of six No. 18 secondary rebars continued from
the bottom to the top. For simplicity, it is replaced by smaller size rebars
in Table 1. In addition some secondary bars are bent at the lower portion of
the contaimment, these bends are neglected.

For the dome portion of the contaimment, each group of the hkoop reinforcements
consists of one layer of No. 14 rebars with 8 inch spacing for vertical angle
fram zero (spring line) to 55°. However, spacing of 8-1/4 inch is used near
the outside face from zero to 9.5°. For vertical angie from 55° to 90° (top),
one layer of No. 14 rebars with 9 inch spacing is used.

The meridional rebar arrangements in the dome portion is sketched in Fig. 6.
The primary meridional reinforcement of the cylinder extends into the dome
along the meridians. The distance between mericional bars along the paralle!
decreases ac one moves up from the springiine, and therefore, the quantity of



steel per unit length aiong the meridian increases above the design value.
When this later steel quantity becomes twice the design value, i.e., at 60°
from the springline, each pair of meridional bars are combined into one bar,
by the help of apprupriate transition splices. The reinforcement quantity is
haived again at 75°, 83° and 86° from the springline. Thus, the quantity of
meridicnal steel per unit length along the parallel is kept between the design
value and twice the design value, to avoid reinforcement congestion and waste
of material. A summary of dome reinforcements is shown in Table 2.

A layer of diagonal rebars at +45° and -45° with the vertical is placed near
the outer surface to take the in-plane seismic shear forces as shown in Fig.
5. These seismic diagonal bars extend into the bottom third of the dome. The
amount of reinforcing is varied at different elevations and is shown in Tables
1 and 2.

3.0 CONTAINMENT MODELLING

In order to utilize the finite element analysis results in computing the limit
state probabilities, the containment modelling should be made in such & way
that the local coordinates of the elements nave the <ame directions as those
of the rebars. This is very easy to achieve in this study, since all the
rebars are in the hoop ana meridional directions.

The finite element utilized in the analysis is the shell e'ement as described
in the SAPV camputer code. A three-dimensional finite element model as shown
in Fig. 7 is used for the structural analysis of the containment. The side
and top views of the contaiment are shown in Figs. 8 and 9, respectively.
Also, a detailed cross-sectional view of the containment is shown in Fig. 10.
As can be seen from this figure, the contaiment is divided into 23 layers.
Except at the top of the dome, each layer has 24 elements such that the nodal
points are taken every 15° in the circumferential direction. This discretiza-
tion requires a total of 553 nodes and 540 elements.



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 elevations, an average value of the meri-
dional reinforcement in these elements is used. It is noted that the diagonal
rebars, which provide in-plane seismic shear resistancc, are not included in
the present analysis.

k welded steel liner with a minimum thickness of 1/4-inch is attached to the
inside face of the concrete shell to insure a high degree of leak-tightness.
The liner is disregarded as a load carrying structural component in the analy-
sis. Furthermore, such other complications as penetrations, personal lock and
equipment hatches are not included in the study.

4.0 MATERIAL PROPERTIES

In order to perform a reliability analysis on a contaimment structure, it is
necessary to determine the actual material properties. In the present si.udy,
the mean values of the material properties are used in the analysis. The
variation 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 used for the Indian
Pont Ur 't No. 3 ccrtaimment is 3000 psi. The weight density of the concrete
is taken to be 150 15/ft3, Young's modulus and Poisson's ratio are

3.1 x 10® psi and 0.2, respectively. For the 28 day compressive strength
fc, a statistical analysis of the available data was carried out at BNL to
determine its statistical characteristics. The mean value and standard
deviation are estimated to be 4896 psi and 627 psi, respectively.



B) Reinforcing Bars

As can be seen fram Tables 1 and 2, No. 18 rebars are the main reinforcement
used in the containment structure. Hence, the statistics for No. 18 rebars is
used to represent all other types of rebars. Young's modulus and Poisson's
ratio are taken to be 29.0 x 106 psi and 0.3, respectively. A statistical
analysis was carried out for the No. 18 rebars, the mean and standard devia-
tion of the yield strength fy are estimated to be 71.8 and 5.18 ksi, respec-
tively.

5. PROBABILISTIC MODELS FOR LOADS

Various static and dynamic loads act on the containment structure during its
lifetime. These loads may be caused by normal operating, environmental and
accidental conditions. Since the loads intrinsically involve random and other
uncertainties, an appropriate probabilistic model for each load must be estab-
lished.

5.1 Dead Load

As mentioned in Section 2.2, the dead load primarily arises from the weights
of the containment wall. It is noted that there are some uncertainties as to
the actual magnitude of the dead load.® For the purpose of the this analy-
sis, however, dead load is assumed to be deterministic 274 is equal to the
design value, which is camputed based on the weight density of reinforced
concrete as 150 1b/ft3,

5.2 Accidental Pressure

The accidental pressure is considered as a quasi-static load and it is uni-
formly distributed on the containment wall. The accidental pressure is
idealized as a rectangular pulse and will occur in accordance with the Poisscn
law during the contaimment lifc. Under these assumptions, three parameters
are required to model the internal pressure: the occurrence rate NP (per
year), the mean duration ugp (in seconds) and the intensity P.



For the Indian Point Unit No. 3 containment, the mean duration is taken to be
1200 seconds. This value is obtained from the approximation of the time his-
tory shown in Fig. 4. According to the Indian Point Probabilistic Safety
Study9. the mean occurrence rate for a large LOCA is 2.16 x 10'3/yr. which

i3 used in the analysis.

The intensity of the accideptal pressure is treated as a Gaussian random var-
iable. Unfortunately, there is no actual data to determine its statistics,
i.e., the mean value and the standard deviation. Nevertheless, the consensus
survey of the nuclear structural loads, which was carried out by BNL, indi-
cates that the ratio of the mean value to the design value is 0.89 and the
coefficient of variation is 0.12.10 Since the design value of the acci-
dental pressure for th~ Indian Point Unit No. 3 containment is 47 psi, the
mean value, P, and the standard deviation, %, are computed as follows:

P =47 x 0.89 = 41.83 psi
op = 0.12 x 41.83 = 5,02 ps*

5.3 Earthquake Ground Acceleration

The earthquake ground acceleration is assumed to act only along the global x
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 a Kanai-Tajimi spectrum. The Kanai-Tajimi spectrum has the
following expression:

2 2
" (@) 1+ 4Cq(w/wg)

=S5 1 (1)
9gxx ° 1 - (wrug)?]? + ac2(ute
[1- (rug?]? + ac2(urey)?

where the parameter S, represents the intensity of the earthquake and wg

and tg are the daminant ground frequency and the critical damping, respec-
tively. The values of wg and cq depend on the soil conditions of the con-
taimment site. For the Indian Point Unit No. 3 Power Plant, the soil condi-
tion is determined as rock.’ For such a soil condition, Reference 11 recom-
mends that the values of uwg and Zg in Eq. 1 are equal to 8w rad/sec and

X



0.6, respectively. The mean duration uqg of the earthquake acceleration is
assumed to be 15 seconds in this study. The peak ground acceleration Aj,
given an earthquake, is assumed to be A] = Pgog where pqg is the peak

factor which is assumed to be 3.0 in this study. The standard deviation of
the ground acceleration, og, is camputed by integrating the Kanai-Tajimi
spectral density function with respect to «. Explictly written, the standara
deviation % 1is

o =N[ﬂw (23 + 2z ) -/3: (2)

The peak ground acceleration A}, given an earthquake, can be rewritten as

Al = c‘g‘/S:. (3)

where
= _1_._+ 4
ag = Pg¥ mig 2 * 29 (4)

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 Fa(a) of the
annual peak ground acceleration A is related to the probability distribution
FAI(a) of A; in the following fashion.

Fala) = exp{-3g[l - FAl(a)]}
or (5)

Faa) =1+ = inFa(a)
1 E
Therefore, if a, indicates the minimum peak ground acceleration for any
ground shaking to be considered an earthquake, Fa,(ag) = 0 and hence,
a = - in Fplag). Assuming that Fa(a) is of the extreme distribution
of Type 1I, i.e.,



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

where o and u are two parameters to b= detemmined. By least square fitting to
the harzard curve given in the PRA studyg, we find @ = 3,14 and u = 0,0135,

From Egs. 5 and 6, we obtain:
FAl(a) =1 - (a/ag)"e 2249 (7)

Under these conditions, one finds that *f = 1.64 x 10‘2/year for
ag = 0.05 g. Combining Eqs. 3 and 7, and writing Z for VS, we further
obtain the probability distribution and density functions of Z in the forms,

respectively,

Fz(z) =1 - (agz/ao)'u
for z 2 ag/eg  (8)

fz(z) = °(°g/ao)(“gz/ao)'(°*1)

The information about the maximum earthquake ground acceleration, amax,
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, agpax 1S chosen to be equal to 0.71 g.

The paremeters of the loading conditions described in this section are
sumnarized in Table 3.

6. FINITE ELEMENT ANALYSIS OF TH:t CONTAINMENT

When a reinforced concrete containment is subjected to static and dynamic
loads, its cross-section will usually produce cracks, the extent of which
depends on the load history. Because of the complexity of the various load
combinations, howaver, it is difficult tc predict a priori the crack patterns
for all conceivable combinations of loadings. While a linear elastic analysis
cannot take into account the temporal variations of the structural stiffness
which result from such a dependence on load history, it will nevertheless, in
most instances yield approximately correct stress resultants for the various

-9-



sections of the structure. This is especially the case if the section materi-
al properties are adjusted to reflect the concrete cracking. To account the
cracking effect, the stiffness of the element i: *faken to be one half of that
of the uncracked section in th.s study.

o.l Static Analysis

As mentioned in Section 5, dead Toad and accidental pressure are considered to
be static loads acting on the containment. Using the finite element model de-
scribed in Section 3, a static analysis of the containment due to dead load
alone was performed, and results are shown in Table 4. Similarily, the anal-
ysis of the containment due to unit accidental pressure alone is also carried
out and the results are shown in Table 5. These results are going to be used
in the reliability analysis.

6.2 Dynamic Analysis

For dynamic analysis of structures, modal analysis is employed. Hence, the
dynamic characteristics of the structures are represented by the natural fre-
guencies and associated mode shapes. Using the model described in Section 3,
the first twenty (20) ratural frequencies are evaluated ard are shown in Ta-
ble 6. The mode shapes for the first and second pairs of bending modes (modes
1, 2, 15, 16) are shown in Figs. 11 and 12. It is important to choose 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 FOk THE CONTAINMENT

For the reinforced concrete containment, if an onset of the structural failure
is of interest, the limit state may be defined as follows. The structural re-
sponse is considered to have reached the limit state if the rebars begin to
yield (in tension or compression) and/or if the crushing strength of the con-
crete is reached at the cross-section's extreme fiver during the service life
of the containment.

-10-



The analytical expressions for the limit state introduced previously are as
follows:

fs 2 fy (9)
fe 2 0.85 f (10)

where fg is the stress in the rebars and fy 1s the steel yield strength,
'

fc is the canpressive concrete stress at the extreme fibers and fc is the

concrete compressive strength.

Based on, (a) the above definition of the limit state, (b) the assumption of a
linear stress-strain relationship, and (c) the conventional theory of rein-
forced concrete, which asserts that concrete cannot take any tension, the
limit state surface in temms of the membrane <tress T and bending moment
m/unit length can be established for a specific cross-section at the finite
element boundaries.l? A typical limit state surface for a element is shown

in Fig. 13, and the coordinates are listed in Table 7. Point 'a' represent a
limit state under pure (uniformm) compression and point 'g' a limit state under
pure (uniform) tension. In the same figure, lines I (ac and ac'), lines II
(approximated by ce and c e ), lines 111 (ef and e f ) and lines IV

(fg and-Fra) indicate thuse parts of the limit steie surface in which the
limit states are reached in concrete crushing with cross-sections remai ing
uncracked (lines I), in concrete crushing with partially cracked cross-sec-
tions (lines II), in yielding of rebars in tension with partially cracked
cros:-sections (lines 1I11) and in yielding of rebars in tension with tutally
cracked cross-sections (iines IV).

8. RELIABILITY ANALYSIS RESULTS

The reliability analysis methodology used in this study is summarized in Ref.
3. Based on this reliability analysis method, the structurai model, loading
conditions and the limit state describec in the preceding section, the re-
liability analysis for the Indian Point Unit No. 3 containment structure was
made. The results are presented in this section.

dde



8.1 Dead Load and Accidental Pressure (D+P)

ine load characteristics of the dead load «und the accidental pressure due to a
large LOCA are described in Sections 5.1 and 5.2, respectively. A reliability
analysis is carried out to estimate the probability that the limit state will
be reached under the simultaneous action of this accidental pressure and the
dead load during the forty year lifetime of the contaimment.

The conditional limit state provability for each element is tabulated in Table
8 and plotted in Fig. 14. From the table, it can be seen that the critical
2lements 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 struc-
ture and the loads 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 begin to yield.
When these conditional probabilities are multiplied by the expected number
Tip = 8.64 x 10-2 of such simuitaneous occurrences during the contaimment
life of forty years, the unconditionai limit state probabilities Pf(D*P)
under the simultaneous action of D and P is obtained, and is equal to

6.79 x 10-6,

8.2 Dead Load and Earthquake Ground Acceleration (D+E)

An 1dealization of the earthquake ground acceleration is presented in Section
5.3. For the canbination of the dead load and earthquake ground acceleration,
the conditional limit state probability p(D+E) for the containment are shown
in Table 9 and piotted in Fig. 14. Fram the table, it can <een that the cri-
tical elements are elements 6, 7, 18 and 19. These elements are iocated 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 critical elements begin to yiela. The locations of the critical elements
and the mancer in which the limit state is reached are obviously consistent
with the structural and loading symmetry with respect to the x-axis under
this particular load combination. The lower and¢ upper bounds of the condi-
tional limit state probability P(D*E) are found to be 0.92 x 10-7 and

12-



1.64 x 10-7, respectively. Muitiplying these bounds by the expected number
TAp = 6.56 x 1071 of simultaneous occurrences of D and E, the lower and

upper bounds of the unconditional limit state probability Pe (D+E) under this
load combination during tiie containment life of forty years are obtained as
0.60 x 10-7 and 1.07 x 10~7, respectively. Since these two bounds are in

a relatively narrow range within the same order of magnitude, any value be-
tween these two bounds may be used as a reasonable approximation for the limit

state probability.

8.3 Dead Load, Earthquake Ground Acceleration and Accidental Pressure (D+E+P)

The probabilistic characteristics of the loads indicated in the sub-section
title above are described in Section 5. Under the cambination of these loads,
the conditional limit state probability are listed in Table 10 and also plot-
ted in Fig. 14. The critical elements are found to be elements 294, 295, 306
and 307, which are located immediately adjacent to the global x-axis (when
projected onto 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 canbination (Section 8.1). The manner in which the limit state is
reached is also the same as for the D+P combination (i.e., yielding of the
hoop rebars). The lower a3 upper bounds of the conditional limit state
probability p(D+E+P) ynder this loa¢ combination are 4.89 x 10-4 and

5.80 x 10-4, respectively. Multiplying these bounds by TAp.g+p

= 5,46 x 10-8 provides the lower and upper bounds of the unconditional
probability under this load cambination during the contaimment 1ife of forty
years; the lower bound = 2.67 x 10-11 and the upper bound = 3.17 x 10-11,

Comparing the limit state probabilities under the load combination D+P with
those under the cambination 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 current |oad
combination D+E+P comprise the four elements which are most stressed by the
additional earthquake load among those critical elements under the load cam-
bination D+P. These observations suggest that the accidental pressure P is a

=13



daminant factor ir controlling the conditional limit state probability. The
substantial reduction in the values of the Jower and upper bounds of the un-
conditional probability PAD*E+P)  as campared with PAD*P), is primarily
attributable to the fact that Tipsg+p = 5.46 x 108 is much smeller than
Tipsp = 8.64 x 102,

8.4 Overall Limit State Probability

The limit state probabilities evaluated in Lhe preceding section are those at
“he critical elements within the containment under various load combinations.
While the limit state probability of the contaimment as a whole, or the system
Timit state probability, under a certain load combination is always larger
than that of the critical elements, the author's experience in structural re-
liability analysis suggests that the differenLe between the system limit state
probability #nd the limit state probability of the critical elements is toler-
able for the type of load-structure system under consideration. Therefore,
for the sake of analytical simplicity and camputational econamy, the present
study approximates the containment limit stete probabiiity under each load
canbination by the critical element limit state probability as evaluated in
Sections 8.1 to 8.3. The limit state probabilities, conditional and uncon-
ditional , under various load cambinations are summarized in Table 11. Under
the assumption that the containment will not fail under dead load alone, the
overall containment limit state probability Ps is then obtained as the sum

of the limit state probabilities under all these (mutually exclusive) load
canbinations. Hence, the contaimment limit state probability is 6.85 x 10-6
- 6.90 x 10-6 for its lifetime of forty years.

9. RESULTS FOR DIFFERENT LIMIT STATE

The results presented in the previous section (i.e., Section 8) are corre-
sponding to the onset of the structure failure. If more substantial failure
of structures is of interest, the limit state representing this condition can
be defined based on the reinforced concrete ultimate strength theory. Essen-
tially, 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., Under this definition of the limit state, a limit state

-14-



surface for each element may be constructed. Utilizing this limit state sur-
face, the reliability analysis of Indian Point Unit 3 containment 'ndr the
loading described in Section 5, is also carried out. The results are sum-
marized in Table 12. For most load combinations, the limit state probabili-
ties in Table 12 is about one order of magnitude less than those shown in
Table 11, while the critical elements remain the same.

10. CONCLUDING REMARKS

The reliability analysis method developed by BNL is applied to the Indian
Point Unit No. 3 contaimment structure under dead load, accidental pressure
and earthquake ground acceleration. The results are presented in this report.
This is the first attempt to carry out the reliability anaiysis for the exist-
ing containment structures in order to evaluate the reliability levels implied
in the design criteria. It is noted that the estimated reliabil .y levels are
affected by the judgements made in the design process and the assumptions made
in the reliability evaluation. In order to reasonably assess the reliability
levels implied in the design criteria, it is necessary to continue the efforts
by carrying out the reliability analysis for other existing contaimment struc-
tures designed according to these criteria.
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Elevation

0 to 25'-0"

25'-0" to 45'-5"

45'-5" to 50'-3"

50'-3" to 54'-10"

54'-10" to 110'-6"

110'-6" to 148'-0"

Table 1 Cylinder Reinforcement.

Hoop Meridional Diagonal
Primary Secondary
2#18 @ 14in 1#18 @ 12in 1#18 @ 12in i#18 @ 30in
" ¥ 1#11 @ 12in 3
. ¥ 2#11 @ 36in "
" " 1#11 @ 36in !
. " 1418 @ 60in + 1#14 6 60in



Angle From Spri

ine (Degrees) Ho Meridional




Table 3 Load Parameters.

Load Load Parameters

Dead Load (D) *Deterministic and time invariant
Accidental Pressure *Occurrence rate Ap = 2.16 x 10-3/year
due to a LOCA (P) *Mean duration uqp = 1200 seconds

*P = Gaussian with mean value P = 41,83 psi
and standard deviation op = 5,02 psi

Earthquake Lcaa (E) *Stationary randon process (a segment of
15 seconds) with a Kanai-Tajimi spectrum

2,
1+ 4 (w/w.)
Sgglw) = S, §—i
- (w/w,)? 2(wtw,)?
[1 - (o] + acd(orug)

where wg = 8n rad/sec and tg * 0.6

*Distribution function of Z = 'fs_o

Fa(z) = 1 - (ag2/a,)"®

where

gg = Pg/!ugp/(?Cg) + 2‘9]

with Pg = 3.0, . * 0.05g and o = 3,14;
amax = 0.719

*Occurrence rate g = 1.64 x 10°¢/year

*Mean duration ugg = 15 seconds



Table 4 Stresses Due to Dead Load.

Local X-Direction Local Y-Direction

Element Axial Stress Moment Axial Stress Moment
Numoer Sxx (pst) Mcx (pound-in/in) Syy (psi) Ayy (pound-in/in)
529 - 540 - 35.4 - 0,144 x 104 - 35.3 - 0.163 x 104
505 - 528 - 34,8 - 0.144 x 104 - 35.6 - 0,132 x 104
481 - 504 - 33.4 - 0.137 x 104 - 35.8 - 0,134 x 104
457 - 480 - 30.7 - 6,132 x 104 - 36.4 - 0,131 x 108
433 - 456 - 26.4 - 0.126 x 104 - 37.4 - 0,129 x 104
409 - 432 - 19,0 - 0,123 x 104 - 39,2 - 0,141 x 104
385 - 408 - 4,09 - 0.112 x 104 - 42,6 - 0,135 x 104
361 - 384 17,7 - 0,252 x 103 - 49,2 0.120 x 104
337 - 360 30.5 0.614 x 103 - 57,6 0.356 x 104
313 - 335 1.9 0.107 x 108 - 56,5 0.531 x 104
289 - 312 2.9 0.150 x 104 - 61.6 0.724 x 104
265 - 288 23.4 0.649 x 103 - 59.2 0.324 x 108
241 - 264 14,7 - 0.678 x 103 - 66.0 - 0.339 x 104
217 - 240 5.67 - 0,102 x 104 - 75.4 - 0,510 x 104
193 - 216 0,53 - 0,465 x 103 - 8R4 - 0.232 x 104
169 - 192 - 0.65 - 0,139 x 102 - 111.8 - 0,694 x 102
145 - 168 0.19 - 0.683 x 102 - 140,5 - 0,341 x 103
121 - 144 1.55 0.37& x 102 - 158.7 0.185% x 107
97 - 120 - 1.07 0.826 x 103 - 174.3 0.413 x 104
73 - 96 - 1.2 0,133 x 104 - 189.9 0.664 x 104
49 - 72 - 22.9 0.656 x 103 - 197.8 0.328 x 104
25 - 48 - 32,8 - 0,114 x 104 - 203,0 - 0.568 x 109

1- 24 - 39,6 - 0,450 x 109 - 208.2 - 0,225 x 105

NOTE: 1. Local £ direction is the same as hoop direction.
2. Local Y direction is the same as meridional direction.



529
505
48]
457
433
409
385
36l
337
313
289
265
241
217
193
169
145
121

97

73

49

25

Element
Number

540
528
504
480
456
432
408
38
360
336
312
288
264
240
216
192
168
144
120

96

12

48

24

Local X-Direction

Axial Stress
Sxx (psi)

9.74
9.72
$.72
9.74
9.7%
9.76
9.72
9.91
10.6
11.0
11.8
12.4
13.7
14.8
15.4
15.4
15.5
15.9
15,0
11.5
7.61
4.50
2.26

M x

Moment
(pouna-in/in)

0.201
0.574
0.560
0.538
0.272
0.241
0.172
0.277
0.320
0.712
0.139
0.439
0.106
0.134
0.651
0.150
0.258
0.156
0.277
0.439
0.179
0.454
0.162

® 9 x »x x M X X X X

MO M X X X M X X x x> x x

10!
10!
10!
10!
101
10!
10!
102
102
102
103
102
103
103
102
10!
102
102
103
108
103
103
104

Table 5 Stresses Due to Unit Pressure.

Axial Stress
Syy (ps1)

9.73
9.73
9.72
9.72
9.72
9.72
9.69
9.68
9.78
8.61
8.65
7.68
7.68
7.68
7.68
7.68
7.68
7.68
7.68
7.68
7.68
7.68
7.68

Myy

Local Y-Direction

Moment

(pound-in/in)

0.540
0,262
0.112
0.472
0.236
0.138
0.5%)
0.111
0.111
0.291
0.642
0.219
0.529
0.670
0.320
0.748
0.129
0.781
0.138
0.219
0.897
0.227

® x> »x »x x> X

X X X X M X X X X X »x x X

X

- 0.809 X

102
10¢
102
10!
10l
102

103
103
103
103
103
103
103
103
101
103
102
104
104
103
104
104



Table 6 Natural Frequencies.

Mode Number Frequencies (cycles/sec)
1 2.869
2 2.869
3 4,186
4 4,186
5 4,587
6 4,587
7 5.501
8 5.501
9 6.001

10 8.028
11 8.028
12 8.115
13 8.115
14 8.147
15 8.215
16 8.215
17 8.389
18 8. 389
19 9.310
20 9.310

NOTE: 1) Based on E = Ec/2, Ec = uncracked concrete stiffness.
2) lst pair of bending modes: Mode 1 and Mode 2.
3) 2nd pair of bending modes: Mode 15 and Mode 16.
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Table 7 Coordinates of Limit State Surface
(Element 289 - 312, Local X-Direction).

Point Coordinate

v (psi) m (1b-in/in)
a - 4,56 x 103 1.13 x 104
¢ - 2.28 x 103 8.84 x 105
e -2 7 x108 - 8.73 x 105
e - 2.21 x 102 8.47 x 10°
e' - 2.10 x 102 - 8.71 x 10%
f 5.14 x 102 1.96 x 105
o 5.29 x 102 - 2.21 x 105
g 8.29 x 102 - 2.36 x 104

NOTE: See Figure 13 for reference.
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Element No.
529 - 540 (531)
505 - 528 (510)
481 - 504 (426)
457 - 480 (462)
433 - 456 (432)
409 - 432 (414)
385 - 408 (390)
361 - 384 (316)
337 - 360 (342)
313 - 336 (318)
289 - 312 (294)
265 - 288 (270)
241 - 264 (246)
217 - 240 (222)
193 - 216 (198)
169 - 192 (174)
145 - 168 (150)
121 - 144 (126)

97 - 120 (102)
73 -« 5 (78)

49 - 2 (%4)

25 - 48 (30)
1 - 24 (6)

Table 8 Conditional Limit State Probability p(D+P),

Local
Direction

- | x M > X M x M . M 3 M g M 3 DE 3 D . D >

p(D+P)

4,02 x 10-13
3,59 x 10-13
5.36 x 10-13
9.08 x 10-13
1,98 x 10-12
5.46 x 10-12
1.83 x 10°17
2.27 x 10°17
5.87 x 10-13
5.54 x 10-6
7.86 x 10-°
7,40 x 10-34
6,32 x 10-2*
3.°S x 10-19
5.31 x 10°17
3.75 x 10°17
8.20 x 10°17
4,12 x 10-15
7.68 x 10-18
5,12 x 10-41
1.45 x 10-141
3.97 x 10-193
1.77 x 1039

p(D+P)
Lo%,5

12.4
12.4
12.3
12.0
11.7
11.3
16.7
16.6
12,2
5.16
4.10
33.1
24,3
18.5
16.3
16.4
16.1
14,4
17.1
40,3
160

100

38.8

Critical
Elements

289, 290...312



Table 9 Conditional Limit State Probability p(D*E),

Local Critical
El¢ment No. Nirection p(D+E) LoQIJ(D*E) Elements
529 - 540 (531) 0 - 100
505 - 528 (510) 0 - 100
481 - 504 (486) 0 - 100
457 - 480 (462) 0 - 100
433 - 456 (432) 0 - 100
409 - 432 (414) 0 - 100
385 - 408 (390) X 2.88 x 10-76 - 75.5
361 - 384 (31¢) X 9.89 x 1023 - 42,0
337 - 360 (342) X 8.39 x 10-34 - 33.1
313 - 336 (318) X 1.48 x 10-27 - 26.8
289 - 312 (294) X 2.55 x 10-32 - 31,6
265 - 288 (270) Y (1,39 - 1,39) x 1077 - 76.9
241 - 264 (246) Y (3.82 - 3.83) x 1050 - 49,4
217 - 240 (222) ¥ (2,94 - 2,99) x 10°35 . (34,5 - 34,5)
193 - 216 (198) Y (3.69 - 3.86) x 10-1% . (24,4 . 24,4)
169 - 192 (174) Y (5.51 - 6.58) x 10°1% . (14,3 - 14,2)
145 - 168 (150) ¥ (1,37 - 1,96) x 10-9 - (8.86 - 8.71)
121 - 144 (126) Y (2.43 - 4,54) x 109 - (8,46 - 8,34)
97 - 120 (102) Y (1,41 = 1.73) x 10-9 - (8,85 - 8,76)
73 - 96 (78) Y (3.69 - 3.89) x 1012 . (11.4 - 11.4)
49 - 72 (54) Y (1.46 - 1.68) x 10-10 - (9.84 - 9.76)
25 - 48 (30) Y (3.48 - 4,76) x 10°9 - (8.46 - 8,32)
1 - 24 (6) Y (0,917 - 1.64) x 10°7 - (7,04 - 6,79) 6, 7, 18, 19




Element No.
529 - 540 (531)
505 - 528 (510)
481 - 504 (486)
457 - 480 (4e62)
433 - 456 (432)
409 - 432 (414)
385 - 408 (3%0)
361 - 384 (J16)
337 - 360 (342)
313 - 336 [318)
289 - 312 (294)
265 - 288 (270)
241 - 264 (246)
217 - 240 (222)
193 - 216 (198)
169 - 192 (174)
145 - 168 (150)
121 - 144 (126)
97 - 120 (102)

73 - 96 (78)
49 - 72 (54)
25 - 48 (30)

1 - 24 (6)

Table 10 Conditional Limit State Probability p(D+E+P),

Local
Direction

e M M x M 3 M . M 3

- w ® w o g € - € =

p(D+E+P)

(4,23 - 4,65) x 10-13
(4.97 - 5.44) x 10-13
(0.992 - 1,09)x 10-12
(2.72 - 3.00) x 10-12
(1.64 - 1.86) x 10-11
(3.21 - 3,81) x 10-10
(0.863 - 1,01, x 1011
(2.53 - 2.63) x 10-9
(3.11 - 3,32) x o7
(1.38 - 1,63) x 104
(4,09 - 5.80) x 104
(9.85 - 9.93) x 10-21
(1.24 - 1,23) x 10-14
(7.34 - 8,55) x 10-12
(3.72 - 4,47) x 10-10
(1.61 - 2,20) x 10-7
(1.25 - 2,00) x 105
(0.828 - 1,21) x 10-5
(5.44 - 7,48) x 10-6
(4.85 - 5,76) x 10-8
(1,41 - 1,75) x 107
(1.40 - 1,75) x 107
(0.852 - 1,08) x 10~7

Loglop(ﬂﬁw)

- 12.4

- 12.3

- 12.0
-11.6 - -11.6
-10.8 - -10.7
- 9.49 - 9,42
-17.1 - -11.0
- 8,60 - -8.58
- 0.51 - -6.48
- 3.8 - -3.79
- 3.31 - <3.24

- 20,0

- 13.9
-11.1 - -11.1
- 9,43 - 29,35
- 6.79 - 6,66
- 4,9 - 4,70
- 5,08 - -4,92
- 5,26 - -5,13
- 1,31 - <7, 24
- 6.85 - -6.76
- 6,85 - -6.76
- 7.07 - «6,96

Critical
Elements

294, 295,306,307



Load
Combination

D+P

D+E

D+E+P

Overal |

Table 11 Lifetime Limit State Probabilities.
(Based on Linear Stress Distribution)

Expected
Number of
Occurrences
8.64 x 10-2

6.56 x 10-1

5.46 x 108

-

Conditional Limit
State Probabilities

7.86 x 10-5

(0.92 - 1.64)x10~7

(4.83 - 5.80)x10-4

Unconditional
Limit State
Probabilities
6.79 x 10-6
(0.60 - 1,07)x10-7

(2,67 - 3.17)x10+11

(6.85 - 6,90)x10-6

NOTE: Assuming the containment will not fail under dead load alone,

Critical
Element

289,290,...,312

6,7,18,19

294,295,306, 307



Load
Combination

D+F

D+t

DeE P

Overall

NOTE :

Table 12 Lifetime Limit State Probabilities.
(Based on Nonlinear Stress Distribution)

Expected
Number of
Occurrences
8.64 x 10~¢

6.56 x 1071

5,46 x 108

-

Conditional Limit
State Probabilities

3.99 x 10°7

1.02 x 108

(1,57 « 1.68)x10°5

Unconditional-
Probabilities

3.46 x 10-8

6.72 x 109

(8.55 - 9.14)x10-13

4,13 x 10-8

Assuming the containment will not fail under dead load alone.

Critical
Element

289,290,...,312

6,7,18,19

m.m. 3“.307
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Fig. 4 Time Histories of Design Pressure and Temperature.
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Fig. 5 Typical Rebar Arrangement for Cylindrical Wall,
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Fig. 6 Meridional Rebar Arrangement (Dome).
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Fig. 7 Three-Dimensional Model for Containment.
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Fig. 8 Side View of Containment Model.

-39






r—————

169 -192 300

\C! -
@® F

I 145 - 168 ¥ 250
. -

121 -144 100
1

97 - 120 200

———d

73-9
——— »
TS > b L ____1%0
___:%%_ 9150
4}—- - ;.50’

-

Fig. 10 Cruss Section of Containment Model.
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Fig. 11 Three-Dimensional Sketch of Mode Shapes (Modes 1 and 2).
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Fig. 13 Limit State Surface (Elements 289 - 312, Local X-Direction).
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