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ABSTRACT
,

The methodology used and the results of an analytical scoping study of
the. seismic capacity of four containment buildings located in the
Eastern United States are described in this report. The study was .

'undertaken to provide quantitative information of containment seismic
capacity considering a rather complete list of limit states. This type ;

of information was not available previously.

The four containments represent a cross-section of containment, reactor,'

and foundation types. Evaluations included time history analyses, four -

combinations of seismic with pressure and temperature loading to
consider different severe accident conditions, and seismic aftershocks.
Containments were evaluated for applicable limit states from a list of
sixteen limit states that included structural, penetration, and
foundation failures.

The results are presented in terms of capacity margin factors at a
"prescribed value of peak horizontal ground acceleration, or by stating

the seismic capacity in the governing limit states when the capacity is
smaller than the acceleration value at which margin factors are listed.
For certain critical. limit states, curves showing the . variation of
capacity margin factor with peak horizontal ground acceleration are
presented. The report also includes a discussion of factors that are
significant for determining seismic capacity and provides recommen- e

dations for future work. -
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EXECUTIVE SUMMARY ;

t

The containment in a nuclear powe plant is an important engineered i

safeguard feature. It provides the last barrier to the occurrence of an |
uncontrolled radiological releuse in rase of an accident. The earth- ;

quake loading is considered in the design of the containment usin !provisions of the American Society of Mechanical Engineers (ASME)g theCode i
and the Nuclear Regulatory Commission (NRC) requirements. However, not
much work has been done on the subject of the ultimate seismic capacity ;

of containments. Seismic events much beyond the design-basis earthquake i

could initiate a severe accident in a nuclear plant resulting in high !
pressure and temperature. The containment, which may have been weakened ;

by the main seismic shock, may then be challenged by the combination of
elevated pressure and temperature and an earthquake aftershock. There- .

fore, a study of containment behavior under earthquake loading beyond
the design-basis earthquake is important. |

t

This report provides the results of a scoping study performed to
'tdetermine the seismic capacity of four different containments: fermi,

Ciinton, Zion, and Sequoyah. The four containments studied represent a '

cross section of containtnent, reactor, and foundation types. Specific-
ally, fermi has a BWR of the Mark I type with a steel containment on a |
rock foundation; Clinton has a BWR of the Mark III type with a !
reinforced concrete containment on a soil foundation; Zion has a PWR

,

with a dry prestressed concrete containment on a soil faundation; and 6

Sequoyah has a PWR with a steel ice-condenser type of containment on a '

rock foundation. :

i

It is recognized that the seismic capacity of a particular containment
depends significantly upon its unique design features and site i

characteristics. However, in order to gain some perspective on the
problem, this scoping study examined four representative containments ;

that may illustrate typical values for seismic capacity, i

The objectives of the study were to identify governing seismic limit
states, to gain an understanding of the containment behavior under !

strong seismic loading by estimating the seismic capacities of contain- ;

ments through a quantitative evaluation, and to identify areas of
uncertainty that should be further studied using more detailed analysis
or testing. '

four different combinations of pressure and temperature loading were
considered in the study. First, the effect of an initial main earth-

quake shock on the containments was studied based on operating
conditions of the plant. This is referred to as Task 3 loading in the
report. (Tasks 1 and 2 formulated methodology and evaluation criteria
for this study.) The other three load combinations addressed the
behavior of the containments assuming that the containments did not fail
under the initial main shock and that a severe accident was initiateJ
through some component f ailure. An af tershock was then postulated to
occur at various stages of the severe accident progression, and seismic

t capacities of the containments were calculated for three different

ES-1
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pressure and temperature combinations corresponding to different stages !of the severe accident. One of these combinations, referred to as Task
4 in the. report, represented the case of an af tershock occurring early
in the accident progression, when the pressure and temperature were
assumed to be equal to the design accident pressure and temperature for
each containment. The next combination, referred to as Task 5, ;
represented the case of an af tershock occurring late in the accident
progression when high pressure and temperature conditions exist in the
containment.

|

The temperature values for the Task 5 condition were specified by Sandiac

National Laboratories based on severe accident profiles for different
reactors and containments. The pressure values represented those
pressures at which yielding in the containment would initiate for the
given temperatures. The last combination, referred to as Task 6

,

represented a condition in-between Tasks 4 and 5, and pressure and ;

temperature values chosen were the average values of these two tasks.

It is noted that in the load combinations discussed above, it has been I

assumed that the main seismic shock does start an accident leading to a
severe accident scenerio. in addition, it has been assumed that a
strong af tershock occurs during the seveve accident. These are clearly '

conservative assumptions.

Before starting the actual calculations for estimating the seismic
capacity, various limit states for each of the four containments were

,

postJlated and explicit failure Criteria for each of the limit states '

were established. Then the seismic capacity of the containments was
calculated for each applicable limit state and the governing limit
states were identified, i

The limit states identified include both direct and indirect limit
states. Direct limit states are those that are directly related to the
containment pressure boundary. Tensile or buckling failure of a steel
containment shell, failure of a liner, failure of reinforcing bars or ;

prestressing tendons in a concrete containment wall or basemat, and
transverse shear f ailure of a concrete containment wall or basemat are
examples of direct limit states. Indirect limit states are not directly
related tn the containment pressure boundary; however, their realization
may lead to conditions under which assurance of containment integrity
without further detailed studies or testing cannot be established.

,

Basemat or biological shield wall f ailure in Fermi, shield building '

failure in Sequoyah, or foundation f ailures in bearing, sliding, or
liquefaction in any of the containments are examples of indirect limit
states.

The use of a three-dimensional nonlinear model of containment and
adjacent structures that would consider all pertinent nonlinearities in
one time-history analysis model was not practical because of analysis
cost and because definitive information was unavailable on the
significance of various nonlinearities that could potentially affect the j

results. Instead, a simplified time history analysis procedure that
included nonlinearities at various stages of evaluation was used, i

|
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The analysis, briefly, consisted of (1) determining the strain-
compatible soil shear modulus and damping values for various levels of
earthquake, using a one-dimensional vertical shear wave propagation
model; (2) constructing a seismic beam model of the containment and
adjacent structures, including the impedance functions of the soil or i

rock foundation to account for the soil-structure interaction effects, i

and one-way soil springs to account for the basemat uplift; (3)
constructing moment-curvature diagrams of the beam elements in the
seismic model to predict the nonlinear behavior of the containment after :

.

appropriately considering the effect of non-seismic loads, i.e., i
' gravity, pressure, temperature and prestressing londs; (4) performing a

nonlinear seismic time-history analysis of the model and obtaining e

responses of interest; (5) performing an elastic axisymmetric static c

shell analysis of the containment with th? peak responses obtained from :
seismic analysis; (6) performing a cracked section, element-level
analysis for critical concrete containment sections, including material .

nonlinearity for liner and reinforcing bars, using the shell forces
obtained from the elastic shell andlysis of the previous step; (7)
obtaining the maximum stress, strain, or displacements, as nt.eded, at
the critical locations; and (8) calculating margins at a specified
earthquake level by comparing the maximum stress, strain, or displace- ,

ments obtained in the previous step with the failure criteria ,

"

established for each limit state.
.

In addition, a three-dimensional, finite element model of the Clinton
containment was also analyzed statically using peak seismic accelera-
tions to verify the results of Steps 5 through 7 of the simplified ,

analysis described above. In this three-dimensional model, the effects
of concrete cracking and the yielding of the liner and reinforcing bars '

'on the containment responses were included at the structural system
level as opposed to the simplified analysis where these effects were .

included only on an element level. :

Horizontal and vertical acceleration time histories used as input to the
seismic analysis model were derived such that their response spectra ,

enveloped the Regulatory Guide 1.60 response spectra for a specified ;

maximum horizontal ground acceleration. Use of the Regulatory Guide >

1.60 response spectral shapes allowed linear scaling of time histories
with the maximum horizontal ground accelerations. Thus, margins and ;

capacities of the containments are stated in terms of maximum horizontal '

ground accelerations (A ) only.g

Overall Conclusions

This study han developed a conservative estimate of seismic capacity of [
the four containments. in the analyses performed to determine the i

seismic load effects and parameters defining containment limit states,
conservative parameters and approaches were selected. The conservative -

approach taken is consistent with other studies of the seismic margin of
,

nuclear power plant structures and components. Indeed, the approach -

taken in this study can be viewed as the Conservative Deterministic
failure Margin (CDFM) method of determining High Confidence of Low
Probability of failure (HCLPF) seismic capacity of containments. '

ES-3
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The following overall conclusions were developed: !
i

1. Even given the conservatism, results of the calculatio7s suggest |that the four containments evaluated in this study have seismic
!

capacities at least three times higher than their design-basis safe i
shutdown earthquake (SSE). Table ES.1 Itsts the first few igoverning limit states for each containment and their associated I
capacities for Tasks 3 and 5. The table also lists the design-
basis SSE peak horizontal ground acceleration and its specified
spectral shape. For earlier vintage containments, the design !

spectral shape is in terms of Housner's spectra, which is less
:intense than the Regulatory Guide 1.60 spectra by a factor of about i

two in the frequency range of interest for containments.
Considering this f actor, calculated margins from capacities in !

,

Table ES.1 are three er more for the four containments evaluated.
;

2. Many of the governing limit states in Table ES.1 for the Fermi,
Clinton, and Sequoyah containments are indirect limit states, i.e.,
they are not directly related to the containment pressure boundary,i

i The calculated seismic capacities in these instances are not
.

affected by the presence of accident pressure and temperature in '

the containment. Of course, for direct limit states, the inter-
action of thermal and pressure effects with seismic influences the
aftershock seismic capacity. In some instances the aftershock
seismic capacity is increased, and in some cases the capacity is
decreased. The instance of capacity decrease is quantified in
Table ES.1 for the Zion containment where pressure-induced tension
has overcome wall prestressing and for Clinton where pressure
induced - tension has decreased available seismic capacity in the
wall reinforcing bars. The example of aftershock seismic capacity
increase occurs for basemat shear failure in Sequoyah because of
the beneficial effect of thermal compression in the basemat.

3. None of the governing limit states for Task 3 in Table ES.1 are
associated with a significant straining of containment concrete i,

elements in compression that could cause partial crushing, or with !

significant beyond-yield straining of steel elements that could >

cause a reduction of the ductility limit. Consequently, effects of
such initial shock weakening of containments are not considered
important. For the Fermi and Sequoyah containments, the failure of
the biological shield wall or the shield building due to an initial
shock could cause additional loading on steel containments. In I

this report the effect of interaction of failed buildings with
containments during aftershock seismic evaluation has not been
studied.

4. Table ES.1 also shows that basemat failure in transverse shear is !
an important limit state for the Fermi and Sequoyah containments. I

I,

5. Another major conclusion from the study relates to the effect of !
basemat uplift. Basemat uplift initiates somewhere af ter Ay j=

0.25g at fermi, Zion, and Sequoyah. Due to its large extent,'the |
Clinton basemat does not uplift even at Ag = 1.09 The effect of

ES-4
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basemat uplif t is significant for Fermi and Sequoyah containments
because of a hard impact condition between the basemat and rock
foundation. For the Zion containment, the effects of uplift are
relatively small because of absence of hard impact conditions at
the basemat-soil interface. The in-structure response spectra
calculated for the Fermi and Sequoyah containments after basemat
uplift are very high in the high frequency region (8 Hz and
above). It is conceivable that some critical components in the
containment may be affected by the high spectral accelerations,
thus having potential for altering the severe accident scenario.

While foundation uplift does not affect the response of containment
walls significantly, its effect on the basemat response,
particularly on rock foundation, is important.

6. From a comparison of the results of simpilfied methodology and
three-dimensional Clinton containment analysis, it is concluded
that the simplified methodology used here for concrete containments 3

provides conservative estimates for reinforcing bar and liner j

strains. The estimates for transverse shear in the wall from this
simplified procedure are also conservative. Basemat shear and
moment predictions are reasonably close.

7. Finally, a review of parameters having significant effect on
containment seismic response shows that in addition to seismic
input, the following items are important: soil spring and dashpot
constants, parameters defining initiation of uplif t phenomenon,
reduction in concrete shear stiffness due to cracking, and
definition of evaluation criteria for shear failure in concrete
plate and shell structures. It is important to properly define the
variability in these parameters in any further study of containment
seismic capacity.

Recommendations for Future Work

To perform the scoping study several simplifying assumptions and
approximations were made. The study concentrated on considering the
structural and foundation limit states. To confirm some of the
assumptions made and to investigate critical equipment failures, the
following studies are recommended.

1. The failure of the biological shield wall in Fermi and shield
building in Sequoyah yielded the lowest seismic capacities for '

these containments. The evaluations made are considered i

conservative based on the ACI Code capacities used. A three-
dimensional, quasi-static, materially nonlinear analysis is
recommended to better predict the capacity of these shield walls,
which may significantly improve the capacities reported herein. If

such an evaluation does not improve the seismic capacity and if
additional capacity needs to be investigated, the effect of i

potential interactions of these failed buildings with containment
in determining seismic aftershock capacity should be considered.

ES-5
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L 2. The occurrence of uplift for containments founded on rock
i significantly affects the in-structure response spectra for

frequencies beyond 8 Hz. An investigation is necessary to show ]
whether high frequency excitations of the type calculated can
affect the functionality of critical components. In case these
conditions exist, it is important to establish through analytical i
studies and/or testing whether initiation of basemat uplift would I
occur in containments embedded in a rock foundation as is assumed '

! in this report. The study should include a proper representation jof actual construction practices used and their effect on the
i 1foundation uplift.
' 3. Since for steel containments the effect of biaxial stress states on i

the containment shell was derived through an approximate procedure
.

based on reduced yield stress and a beam analysis, the confirmation i

of this simplified analysis procedure through a quest-static, '

nonlinear, three-dimensional shell analysis is recommended.
,

4. The basemet evaluations performed in this study are considered ;
approximate; where uplift of the basemat occurs, the prediction of
basemat forces is complex. The source of the complexity is in ;

,

providing appropriate definition of simultaneous wall reactions. |mat inertia, and soil reaction including damping that act on the
basemat. A time-history analysis using an elastic, three-
dimensional model of containment and basemat with consideration of Luplifting foundation is recommended to improve the prediction of

:forces. This improved basemat force distribution should be used to
!investigate basemat seismic capacity.

Report Organization

r

The report is organized into nine chapters and several appendixes.
Background information and scope of work, including the design para- |meters of the four containments analyzed, the 16 limit states
investigated, and the pressure and temperature values for the four '

loading combinations studied are described in Chapter 1. Chapter 2
describes the methodology and the criteria for evaluating the 16 limit '

states that were identified. Chapters 3, 4, 5, and 6 contain
descriptions of the containment, the application of methodology, and the I
results for the Fermi, Clinton, Zion, and Sequoyah containments,
respectively. Chapter 7 describes the three-dimensional, quasi-static,

;nonlinear analysis of the Clinton containment. Chapter 8 describes the ,

uncertainties in the analytical modeling and procedures, and their '

potential impact on the results. Chapter 9 gives overall conclusions of
the study. Appendixes A and 8 describe certain referenced items in the ;

text in more detail. Appendix C contains a summary of seismic responsen
for various containments. Appendix 0 contains a flow chart of the
analyses performed for each containment, and identifies computer
programs that are used. Appendix E contains a brief description of
various computer programs that were utilized in this study.

<
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Table ES.1 - Governing Limit States and Consensive Esti nates of Capacitics'

Design SSE Task 32 Task 52
Containment =ad Saerrra Limit State Canacity 1.3mit State Capacity

-

Fermi 0.15g Failure of biological shield wall 039g Failure of biological shield wall 039g
Housner8

Failure of basemat in shear and 0.45g Failure of basemat in shear and 0.45g
bending bending

Clinton 0.25g Uquefaction of soil under basemat 0.83g Liquefaction of soil under basemat 0.83g

RG 1.60
Failure, of wall reinforcing bars and 1.0g
liner

Zion 0.17g Failure by interferenee between 035g Failtire of wall reinforcing bars 034g
containment and auxiliary buildingsHousners

Failure of wallin transverse shear 03*g
n
us

i Failure by interference between 0.75g
containment and auxiliary buildings

Shear failure at buttress piales 0.75g

;

| Sequoyah 0.18g Failure of shield building 030g Faibre of shield building 030g
Housners

Failure of basemat in transverse shear 0.52g Failure of basemat in transverse shear > 1.0g*

I. Capacities are given in terms of peak horizontal ground acceleration Ag. and time histeries consistent with Regulatory Guide 1.60 spectra.

! 2. The loads considered in Task 3 include dead load, prestress (if applicable). and seismic IW. The bade considered in Task 5 include the same

|
kads in Task 3 plus high pressure and temperature corresponding to a severe Acident (see Table I.4).

3. In the fis.ay range of interest to containment structural response, the Regulatory Guide t.60 .oectra are about a factor of two higher than the
Housner spectra (see Figure 2.2). This difference must be accounted for when celestating margins to f ailure relative to the original desage basis.

4. The basentat shear capacity is higher in Task 5 than in Task 3 due to the beneficial effect of compression resulting from thermal loads in Task 5.

.-- - .. _ -_. _. . __ . __ _ , _ _ . . . _ _ , _ _ __ _ __ . . __ . _ _ __
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1. INTRODUCTION |

1.1 Background

The importance of containment structures in minimizing the risk of
radiological exposure of the public from a severe accident in a nuclear
power plant is well recognized. Especially since the Three Mile Island
and Chernobyl accidents 3 the capacity of containment structures to -

withstand the loadings beyond the design basis has been a subject of -

extensive research. However, most of the work to date has focused on
the effects of static overpressurization. Integrity of a containment
may also be threatened by seismic loads. The general scenario may be
one in which the main shock of an earthquake, probably with seismic ;

loads at least 2-3 times thct of the St.fe Shutdown Earthquake ($$E), ,

dant.ges the containment. Seiwie 1 cads f rcm af tershocks could act cn
the #maged containment, possibly in combination with *.ntemal preswru i

and elevateo temperaturs.

Given these hypothet!ckl conditions, there are at least two ways in ,

which containment performance might be affected by a seismic event. ;
t

1. A strong main shock may damage the containment structure causing ;
'

loss of integrin of the pressure boundary.

2. The containment does not fail under the main shock, but a severe
'accident progression is initiated due to a component failure.

Then an aftershock may occur after the laain shock and the
combination of pressure and temperature loads with seismic loads

'

could exceed the capability of the pressure boundary. Depending
upon the timing of the af tershock, the pressure and temperature
caused by a severe accident may be quite different, which could ,

affect the containment seismic capability. Thus consideration of i

af tershocks in combination with high pressure and temperature
becomes important. ;

In recent years there has been a more concerted effort to understand the *

response of nuclear facilities, including containment buildings, due to
'

a seismic event. As part of the Systematic Evaluation Program, seismic
reviews of a number of older containments were conducted (Reference 1.1-
1.4). These investigations only considered earthquakes with peak
accelerations at about the SSE level and used very simple models to

irepresent the containment. Under the Seismic Safety Margins Research :

Program (SSMRP), which included some seismic probabilistic risk assess-
ments, peak accelerations beyond the SSE level were considered, and a
number of containment failure modes were conceptualized (References 1.5-
1.7). However, the possibility of af tershocks acting in combination
with internal pressure and elevated temperature were not considered.
Many potentially important failure modes, for instance, penetration
failures, were not considered. A number of studies have suggested that
the dominant failure modes for containments subject to seismic loads
could be associated with soil failures or soil liquefaction (References
1.5, 1. 6, 1.8). There is a need for further investigation in this
area. This study is a step in that direction.

1-1
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1.2 Scope of Work

i
There are a multitude of scenarios involving seismic excitation that
could potentially threaten a containment. In addition, every contain-; ?

' ment building in the U.S. has unique site characteristics and design
features. However, in order to gain perspective on the problem, four
reference containments, each subject to four different load combina-
tions, have been analyzed. These four containments are fermi, Clinton,
Zion, and Sequoyah, all of which are located in the Eastern United ;
States. The Fermi, Zion and Sequoyah containments are of older design; jClinton is more recent.

Table 1.1 lists the type of these containments, their foundation !

material, the dssign SST level, design retponse spectra type, and design
accident pressure tid iemraerature conditions, ,

e

:

As con be seen from ints Table, the (cur conteinments studied include j
two steel and two concr0te containment ,, one of reinforced concrete
constructica F.d ar9ther of post-tensioned construction. The reactor

,

'

types include B1R Mark I, BWR Mark !!I, a dry PWR, and a PWR with ict :condenser. Two containments are foundeo on rock and two are on soil '

foundation. Thus a r.ross-section of centainment, reactor, foundation t
types is included in the study. :

The study was performed under six tasks as follows:

Task 1. Identification of Limit States:
>
'

Under this Task tiie list of limit states to be evaluated for each
selected containment was developed. The limit states selected are ieither directly related to the containment integrity or their realiza- |

tion may lead to conditions under which assurance of containment
integrity without further detailed studies or testing cannot be ;established. Table 1.2 lists the limit states considered and their t

applicability to the four containments.
,

,

Task 2, Development of Methodology and Evaluation Criteria: '

Under this Task analytical models and procedures for seismic analysis of
ithe containment were identified. For example, methods fer (1) charac-
,

terizing ground motion, (2) evaluating soil-structure interaction, (3) i
modeling containment building, (4) evaluating nonlinear response of soil iand structure were developed. In addition, explicit criteria for

;evaluating the identified limit states were also delineated.
!

Tasks 3 through 6 Containment Evaluations !

These four Tasks identified different combinations of pressure and
temperature loading for which the seismic capacity of reference
containments were evaluated for the defined limit states. These load ,

combinations are summarized in Table 1.3 and they are described as
follows:

!
,

1-2
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Task 3. Under this task ambient conditions are assumed in the contain-i

ment when the main seismic excitation E, occurs. This represents the ,

t
occurrence of main shock during the normal operation of the plant.'

Task 4. In this Task the design-basis pressure and temperature (P , TA !
d

are assumed acting when the af tershock seismic load E ocr:urs. ThTs
represents a condition for which the containment does no& fC under the :
main shock, but due to some component failure, an accident c initiated :o

and followed by an aftershock. |

{

Task 5. For this task the aftershock, E,, is assumed to occur when the
pressure and temperature conditions have become more severe due to the

Values of T for Task 5 were ;progression of the severe accident.
specified by Sandia based on severe accident prof 51es for different +

for Task 5 were determined
The values of P.$d by Sandia, Preactors and contafnments. ,

As specift correspondsby analysis of each containment. y
to the pressure at which yielding of the containments is imminent for :

the giver, vaine of i . The detailed determination of P are discussedy
in Chapters 3, 4, 5, lnd 6 f or separate contunments. ;

Task 6. The pressure and temperature values of Task 6 (PAVE, Tgyp) are
the average values of those used in Tasks 4 and 5 for eacn contMntnent.

*

Due to the proximity of Pd and P values, Task 5 calculations for fermiy

and Sequoyah containments were not conducted.

Table 1.4 summarizes the pressure and temperature values for the four
tasks for each of the four containments studied. ;

;

1.3 Report Organization
,
'

Chapter 2 describes the methodology and criteria for evaluating limit
states. Chapters 3, 4, 5, and 6, contain description of containment,
application of methodology and the results for fermi, Clinton, Zion, and ;

Sequoyah containments, respectively. For Task 3 the Clinton containment
'

has additionally been evaluated using a 3-D finite element model that [
considers cracking and crushing of concrete snd yielding of reinforce-
ment as quasi-static loading is applied to the system. This information f

is summarized in Chapter 7. ,

it should be noted that this is a scoping study to gain a better per- !
ispective on the subject of containment seismic capacity. Of necessity,

'lmany assumptions and engineering judgments were made throughout the
study. Bases for such judgment and assumptions are generally stated .

'
throughout the report. These assumptions and uncertainties in the
analytical modeling and procedures and their potential impact on the
results are further discussed in Chapter 8. Chapter 9 contains overall
conclusions of the study and recommendations for future work.

i

Appendices A and B describe certain referenced items in the text in more :

detail. Appendix C contains a summary of seismic responses for various
'

f containments. Appendix 0 contains flow charts of various analyses ,

| performed for each containment, and identifies computer programs that
t

| were used. Appendix E contains a brief description of various computer
programs that were utilized in this study.

1
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i Table 1.1 'I'
-

t.ist of Containments Evaluated -l ,

(
,

Design Parameters i,; ,

SSE Spectra Pressure Tgmp. :

Containment. Type Foundation (g) Type (psig) (F) !

I.
.. t.

4
' '

Fermi BWR, Mark I, Rock 0.15 Housner 56.0 281 1
L Steel i
'

r

L Clinton BWR, Mark III. Soil 0.25 RG 1.60 15.0 185 |
| Reinforced .

[ Concrete j
i 6

" . * '
Ziot PWR, Dry, Soil 0.17 Housner 47.0 271 1

'Prestressedo ,

Concrete |;

. ;. ,

.Segooyah: PWC, ice Rock 0.18 k m nce 10.6 270 |
Condenser, !

Steel j

:_. - . . - - -. .
,

.<

e .,

h

!
ei

i
I

!

|
< r

|
.

.I
. :-

E .f
t
i
>
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!
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Table 1.2 '

Limit States Considered and Their
iApplicability to Containments
,

!Containment
!Code Description Fermi Clinton Zion Sequo.yah
!

1 Tensile Failure of NA* Yes Yes Yes**Steel Liner i

2 Failure of Reinforc- Yes Yes Yes Yes Iing Bars

3 Failure of Prestress- NA NA Yes NA ;

ing Tendons

4 Tensile F011ere of Yes im NA Yes !Steel Containment '
Shall

[h
5 Buck 11n;i of Stee'l Yes Nh NA Yes f

'

Containment Shell '

6 Transverse Shear Yes Yes Yes Yes t

fdilure in W811/
Basemat {

:

I7 Through-Wall NA Yes Yes NA -!Crushing of Concrete
;8 Penetration Failure NA Yes Yes NA ;

in Concrete
Containment ;

9 Failure of Yes Yes Yes Yes !

.

Pretensioned Bolted '

Connections at
Equipment Hatch and !

!Drywell Head
'
i

10 Shear Failure at NA NA Yes NA '

Buttress Plate '
'

11 Failure of Yes NA NA Yes
t

Containment Shell
at Beam Seats or Ice I
Chest Supports

'

t

12 Failure of Yes NA NA NA
Suppression Chamber

i. Supports -

1
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' Table 1.2
Limit States Considered and Their

| ApplicabilitytoContainments(cont'd)

i
1 Containment
'

Code Description Fermi Clinton Zion Sequoyah
|

13 Bearing Failure Yes Yes Yes Yes
of foundations

14 Failure Due to No*** No Yes No

}
Sliding of

! Containment

15 Liquefaction of No Yes No No
foundation Sail

16 In-Plane Shear Yes No No Yes
failure of Walls *

Adjacent to,

Containraent,

'
,

.

NA a Condition does not exist; therefore, not applicable. !
*

** Applies to baseant and other concrete structures
,

*** No = Limit state ruled out from general considerations. '

.

.

i

h

?

,

|

,

!

I
:
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.. !u Table 1.3 !4

Load Combinations !;.
i[ i

i! Task Combination |
!

L ', 3 0+E, '!
.

i
,

'

4 0+Pd+Td + E.[ 1

,

5 0+Py+Ty + E, 'i,

!L 6 0+ PAVE + TAVE + E, j
,

.

. , .,.
,

.!jm E, bain .thock seismic lohd=

]
M|s ' ' E a. aftershoci seismic load !t

b
, O w gia'rity and other static lov.s based on t;ontainment
.(. type, e.g., prestre$ sing loao in Zicn ,

,!-,

P ,7 'g 4 ' Design accident pr03sVrt and' te'Rperature, .f
,>) '-

.

4

.

, , ' respe:iively
j

. P ,Y -y y Yield pressure ano temperature, respectively 'i
-

PAVL 1/2(Pd+P)iTAVE e 1/2 (Td+Ty) j=
y

-

-[,

'I
i

k

i
,

,

i
;

a

!

!

'

i
'

t

I
'!

,!

!
.
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Table 1.4
Pressure and Temperature Values Used for Four Tasks

j

L

Task 3 Task 4 Task 5 Task 6
Containment Pressure Temp Pressure Temp Pressure Temp Pressure Temp

(PSIG) (9Q (PSIG) (EQ (PSIG) (EQ (PSIG) (9Q

FERMI 0 150 56.0 281 74 550 NA NA

CLINTON 0 104 15.0 185 45 400 30 300

ZION 0 120 47.0 271 93 360 70 316

SEQUOYAH 0 120 10.8 220 24.8 360 NA NA

_

not evaluated because of proxiratty of Tasks 4 and 5 pressureXA =

vt.luct

(
.

!
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2. METHODOLOGY !

2.0 General

The evaluation of seismic capacity when the containment is under i
'

pressure and thermal loads involved a number of basic steps. These
steps are described in Section 2.1 for the general condition of a i

containment founded on soil. Section 2.2 summarizes the evaluation '

criteria for the sixteen limit states that are given in Table 1.2.

2.1 Basic Steps in Seismic Capacity Evaluation '

Six basic steps were utilized in determining, by iteration, the peak
horizontal ground acceleration, Ay, that causes failure in one of the
limit states for a given containment under specified pressure and >

thermalloads(P.T). These steps are summarized in Figure 2.1 and they ;

are described in Sections 2.1.1 through 2.1.6.

2.1.1 Characterization of Ground Motion for a Prescribed AH
(Step 1)

.

!

The nonlinear analyses performed in thit stJdy for the cor,tainment
seismic capacity evaluation require an acceleration time history to
represent earthquake input to the seismic twodels. While there are many ,

recorded acceleration time histories av6116ble from strong motion
earthquake databank, each of these time histories has different i

frequency content, as shown by their responte spectra. Use of tit?
'

histories -ecorded from one tarthqucNe would not t'e representative of |
other earthquakes, and use of an ensemble of time hisuries for all the ,

analyses would be cost-prohibitive. Therefore, usa of a synthetic time ,

history, which yields an accentabit erd representative response
spectrum, was considered as apprcpriate. Synthetic time histories are
commonly used in the seismic analysis of nuclear power plants for the i

sama reasons as explained here. |
.

The next question is the choice of an appropriate response spectrum.
Since its issue in 1973, NRC Regulatory Guide 1.60 spectra for horizon-
tal and vertical ground motions have been widely used for nuclear power i

plant design. The use of ground motions derived from NRC Regulatory
Guide 1.60 spectra was seen as a convenient means to extend the results '

obtained from the present study to other plants. Primarily based on
this consideration, and also due to the fact that there is a lack of ;

generally accepted data to consider different frequency characteristics
other than the broad-band spectra of Regulatory Guide 1.60 for the high
magnitude earthquakes being considered in this study, the ground motions
used in this study are based on Regulatory Guide 1.60 spectra,

it should be noted that Regulatory Guide 1.60 response spectra for both
horizontal and vertical directions are anchored to the peak horizontal ,

ground acceleration. Thus, the peak horizontal ground acceleration, A '
Hand use of Regulatory Guide 1.60 completely define the horizontal and

vertical response spectra. Thus, it is possible to define the contain-

ment seismic capacities in terms of Ag only.

2-1
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It 10 also recognized here that the duration of a high magnitude ;
earth 7;ake may be much longer than a smaller earthquake, but since the

i
evaluations were done using peak responses without considering stiffness J

degradation, durations longer than 10 seconds were not of concern except
'

for liquefaction evaluation, where it was appropriately considered by
using proper number of stress cycles. Evaluations with the generated
records of 10 second duration showed that maximum responses occur within
the first 6 seconds of the records; therefore, most results have been
obtained using the first 6 seconds of the records. 2

As shown in Table 1.1, Regulatory Guide 1.60 response spectra were used I

as design-basis only for the Clinton containment. The other three
containments in this study, i.e., Fermi, Zion, and Sequoyah, because of'

*

their earlier vintage of construction, used Housner response spectra as
the design-basis. A comparison of Housner and Regulatory Guide 1.60
horizontal response spectra is shown in Figure 2.2 for a reference
ground acceleration of 0.15g at 5% damping. It can be seen from this
figure that the use of Regulatory Guide 1.60 spectrum provides a
significant conservatism over the design-basis for Fermi, Zion and
Sequoyah.

In the analysis of the seismic models of containments, three components
of earthquake motion, i.e., two horizontal and one vertical, must be
considered to act simultaneously. For the axisymmetric containment
structures being analyzed in this study, however, the maximum responses
due to -the two equal horizontal components are the same in magnitude,
but they occur at different locations. Based on this, the containments ,

were analyzed for simultaneous action of one horizontal and one vertical
time-history. The effect of the other horizontal component was factored
into the containment evaluation, as explained in Section 2.1.6.

The following procedure was used to obtain the two acceleration time
histories required for making containment evaluations. Two statistic-
ally independent ground motion time histories, A* t for norizontal

for vertical, were generated such that the9(r )5% damped spectraand f*
are ccbsistent with the 5% damped spectra of Regulatory Guide 1.60.
Sargent & Lundy's proprietary computer program RSG was used for this
purpose. Figures 2.3 and 2.4 show the time histories for

compare 8(t)
A* and

Re$u(t) ~ . .
The corresponding 5% damped spectra aref* to the

latory Guide 1.60 ';pectra in Figures 2.5 and 2.6, respectively. The
ccgarison in Figures 2.5 and 2.6 is for an Ag value of 0.25g. As can
be seen from these comparisons, the time histories used give conser-
vative response spectra with respect to the Regulatory Guide 1.60
spectra for frequencies higher than 1 Hz. To obtain motions for other<

values of A , the motions A;(t) and f; are modified as follows:H

A.. ..

x (t, A ) *
H 0. 5 *o (t) (2.la)

A.. ..

y (t, A ) * Yo (t) (2.lb)H 0 25

2-2
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The use of Equations (2.1) implies that seismic capacity, when stated in
terms of A , refers to ground motions having free field peak surf aceg
acceleration of Aw and frequency characteristics of spectra in
Regulatory Guide 1.60.

.

2.1.2 Generation of Foundation Spring and Dashpot Constants for A
H(Step 2)

The dynamic response of the containment buildings is computed using a itime-history analysis in order to consider nonlinear effects such as
,

foundation uplifL and/or material yielding. Because nonlinear
structural responses were evaluated, the foundation spring and dashpot
constants used were considered not to depend on frequency; considering
frequency dependent foundation parameters requires a linear system '

response. The analysis, however, considered the dependency of soil
parameters (shear modulus and damping) on the maximum soil strain level
that, in turn, depends on the Ay value being considered in the
analysis. To include the effect of" this str ^ 8n dependency of soil, a 't

soil column was first subjected to a de n etion study using the
horizontal time history in Equation (2.la) ano appropriate shear moduli !
of soil layers were thus determined. The computer program SHAKE was
used for this evaluation.

After computing the strain-compatible shear moduli and damping values in
various soil layers, the next step was to determine frequency independ-
ent foundation spring and dashpot constants. These constants could have

,

been determined using elastic half-space equations, or by developingi

frequency-dependent impedance functions and choosing the constants at
appropriate frequencies from there. For simplicity, elastic half space r

equations were used in this study, with weighted average values of soil
shear moduli in various layers representing the shear modulus of the
half-space. This approach is described below. A discussion on the i

uncertainty introduced due to the use of this method to account for
soil-structure interaction is included in Chapter 8. ;

Let Gj (A ) denote the strain-compatible shear modulus of layer i whichHis of thickness h . The weighted average of n ear moduli with respectj
to thickness was used to define an effective shear modulus for all soil
layers. Therefore,

.

4 (A ) h4IG g
E (A ) " (2.2)H I hi i

,

'

Results from Equation (2.2) were used in elastic half-space equations,
Reference 2.1, to determine the horizontal, vertical, and rocking soil
spring and dashpot constant s as follows:

x (A ) = M O - (2.3)
R

K g
7-8v

c
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Cx (A ) = 0.576 K R
-

(2.4)H x
.

t

Ky (A ) " (2.5)H 1v __.
,

I Cy (/.g) = 0.85 K R (2.6)y

3
,

+(A)*85RH (2*7)3(1-v)

C, (A ) = 0.30g g K,R (2.8)

where '

L

3 (1 - v) I,
B, = 8~ Rs (2.9)

'

In these equations

K ,K ,K,x y foundation spring constants in horizontal,=

vertical, and rocking directions, recpectively.

C ,C ,Cex y foundation dashpot constants in horizontal,=

vertical, and rocking direction, respectively.

R = Equivalent radius of foundation with A=
f

denoting the area of the foundation..in seismic
analytical model.-

In total mass moment of inertia of-structure and basemat,=

in the seismic model, about the rocking axis at -the
base.

average Poisson's ratio, averaged with respect tov =

thickness of soil layers.

3 average mass density, averaged with respect to=

thickness of soil layers.

If a containment is directly built on rock, the foundation shear modulus
does not depend on AH and the strain independent shear modulus of the
rock was used in Equations (2.3) through (2.8) to obtain the relevant
values of foundation spring and dashpot constants.

P
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2.1.3 Factoring Effects of Pressure. Temperature, and Initial
EarthquakeonSubsequentDynamicAnalysis(Step 3)

In the dynamic analysis model, the containment shell was represented as
a vertical beam with lumped masses. Idealization of containment shell
structures, which typically have height to radius ratios greater than
one, as a beam for seismic analysis purposes is considered reasonable
(Reference 2.2). The beam element between adjacent mass points was
assumed to be elastic. Hysteretic yielding was allowed to occur only at '

the ends of these beams. For each beam element a bilinear moment- t

curvature (M-9) diagram, which applies to both ends of the beam, was
derived.

The effects of pressure, temperature, and other loads were considered in
.the analysis by appropriately modifying the construction _of M-9 '

diagrams. In concrete containments, the liner is the only steel element
in a biaxial state of stress. However, when the meridional tensile
strain at the wall exceeds the yielding point of reinforcing bars, the
contribution of liner to the total meridional tensile force is typically
less than 15% for the concrete containments studied. Tnerefore, the
construction 'of the M-@ diagrams for concrete containments did not
consider the effects of biaxial stress. However, the effect of
biaxiality was considered for steel containments. For this reason, the
factoring of pressure and temperature loads is discussed separately for
concrete and steel containments in this subsection.

Factoring the effect of initial earthquake on subsequent dynamic
analysis is also separately discussed for concrete and steel

.

containments.
.

Effect of Pressure and Temperature

a. Concrete Containments

Effects of P and T were considered in the dynamic analysis by
factoring the meridional strain induced by these loads, cP+T, beaminto
the moment-curvature (M-0) diagram of a typical containment
element. Figure 2.7 illustrates this Lspect of the analysis for a
containment beam element ij of length 1.

For oppropriate values of P and T, first an axisymmetric shell Ianalysis of the containment was made to determine values of
meridional strain cP+T at various elevations in the containment.
This analysis was done with S&L Program DYNAX or by hand
calculations. The evaluation includes effects of cracking in
concrete.

Continuing with the description of the M-9 calculation, the beam
element in Figure 2.7a was assumed to have, at both ends, the same l

bilinear-hysteretic moment curvature diagram shown in Figure 2.7f.
Consider a reinforced concrete containment. The beam ij, was
assumed to have a tubular section of constant thickness t and mean i

diameter d . Figure 2.7b. Several types of meridional steel, having |m

2-5 '
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area per length of circumference Ask, k= 1, 2, 3 are shown in '

Figure 2.7b. The stress-strain diagram of each of these steels is ;

elasto-plastic with yield strength f k for steel type k, figure
2.7d. The moment curvature diagram Jas constructed by assuming a

Ilinear strain. distribution across the diameter of the tubular
section, Figure 2.7c and using stress-strain diagrams of the steel ,

elements and concrete to determine value of moment at the section
for an assumed curvature 9 = 1/x in Figure 2.7c. The resulting M-9
diagram was then approximated by a bilinear curve, figure 2.7f. In
the M-9 calculations, the stress-strain diagram used for concrete
(Figure 2.7e) assumes a zero tension capacity in meridional
direction. It also assumes that concrete compressive strength is
the same as the strength in uniaxial compression. The reason for
making these assumptions was as follows: If peak ground accelera-
tion is such that overall seismic moment on the containment is not
expected to exceed the cracking moment of concrete, gross concrete
section properties can be used and no consideration of cracking is
then necessary for M-9 calculations, i.e., relations for an
uncracked tube of concrete is used. For values of A that could
cause concrete cracking, during the entire time history,H concrete is
assumed to have zero tension capacity and the M-9 diagram
constructed on the basis of Figure 2.7 applies. The reason for not
reducing concrete crushing strength below f ' is the level of hoopcstrains that are expected to occur for the studies of this report.
'dased on data in Reference 2.9, when hoop tension strain is of the e

order of yield strain of hoop rebars, reduction in crushing strength
f rom f ' is 15% or less. Even in Task 5 condition, the level of
hoopshrain,primarilycausedbypressure,willbelimitedtoyield
strain. in this report. Therefore, assuming no reduction in f ' iscreasonable.

,

When P=T=0 (Task 3), in stress-strain diagram of Figure 2.7d, cP+T *

0 and the values of f[k(Tasks 4,are used in the M-9 calculations. When P+T
is greater than zerc 5, and 6), the origin of stress-
strain diagram is shifted to the position marked LP+T in Figure 2.7d '

and the applicable yield strength for M-9 calculations becomes f*ykrather than fyk'

For a post-tensioned concrete containment, the effect of post-
tensioning is also considered in the construction of the M-9
diagram. When prestressing is not expected to be overcome by
seismic load, elastic concrete properties are used in defining the
M-9 diagram, i.e. procedure of Figure 2.7 is not required. If pre-
stressing is expected to be overcome at least once during the
excitation, construction of Figure 2.7 is used with cP+T which also
includes effect of prestressing.

b. Steel Containments

For a steel containment, construction of the M-9 diagrams is similar
to Figure 2.7 except that concrete is absent and only one type of
steel exists. The construction of the stress-strain diagram of
Figure 2.7d for this steel, however, must consider the effect of

2-6
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temperature on reducing the material yield strength, the effect of ;

stresses produced by axisymmetric loads, and the effect of the
biaxial stress condition in the shell due to seismic lo6ds. Figure
2.8 shows the process of' modifying the stress-strain diagram to.

consider the effect of biaxiality.'

Generally, shear stresses produced by seismic loads in steel
containments are small. For example, for the Fermi containment when

Ag =is assumed that meridional stress, o , and hoop stress, oh, are
0.69, the maximum shear stress is about 5.5 ksi. Accordngly,

it

the principal stresses. Thefirststepfowardsconstructingstress-

strain diagram is then to determine the ratios of abiU is done by/o along the -
,

height of the containment shell. For simplicity,
applying a constant static lateral loading, representing the seismic
loads along the height of the containment, and determining oh and o 'mdue to this loading. Through a study of ratio a = oh 0/m aTong the
height of the containment shell, the containment is divided into
several elevation zones. Each zone is identified by a constant *

value of a that applies to that zone.

Figure 2.8 shows the procedure for determining the steel stress-
.

strain diagram for each zone. Figure 2.8a shows the Tresca yield
condition and the way this is used to define effective meridional
yield stresses o+ and o- in tension and compression, respect-
ively. In Figufe 2.8a #f is the material yield strengthapplicable at temperature Y. (T)Point A with stress coordinates um

. (P+T) and h(temperature load in meridional and hoop directions.
P+T) shows state of stress at the zone caused by

pressure and -

respectively. To obtain values of a+ and
loadpathwithslopea,passingthrougdpointAisconstructed.o# , a linear seismic

- +

The
intersection points of this line with the yield criteria define

values of op and op .
The stress-strain diagram, to be used in place of that shown in
Figure 2.7d, is shown in Figure 2.8b. In Figure 2.8b the center of
stress-strain diagram for M-0 construct. ion is at~ m(P+T) ,and
eff$ctive yield values in tension and compression are f =

and f~ = [ o~ The modulusYe lalticiTy(P+T)]remainstheTalue5pp(P+T)-o(P+T)).licableTosteelatthetemperature
ofa -o ,

i

being considered, i .e. , E(T) . The M-9 diagram for the circular
cross-section is thus constructed for each containment beam element.

The procedure described above considers the occurrence of yielding
in the containment beams appropriately. The deformation in the
plastic zone is, however, approximated because flow rules are not
employed and two-dimensional stress state is approximated by a one-
dimensional stress situation. While the approximation is considered..

reasonable for the purposes of the scoping study being conducted
here, some future confirmatory studies--even under quasistatic
loading--may be appropriate.
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<Effect of Damage from Initial Earthquake

In Tasks 4 through 6, the effect of damage from the initial earthquake
is to be factored in. The initial earthquake level to be considered for
this purpose has been set, by judgment, to be the average value of the
seismic capacity of Task 3 and the seismic level at which yielding in
the containment occurs. The damage caused by this initial earthquake is
factored into the analysis using the following considerations:

,

a. Concrete Containment Wall '

If the intensity of the initial earthquake is such that diagonal
,

cracks are expected in certain portions along the height of the
wall, shear modulus appropriate to cracked sections is used for
these heights in the analysis for any level of aftershock. Cracked
shear modulus values used for various containments are discussed in >

Appendix A.

Additionally, the effect of any concrete spalling that results from
the initial earthquake is also included. This step proceeds as
follows. The depth of the region of spalling in the wall is
calculated by determining the zone in the wall in which compressive
concrete strain exceeds 0.2%, assuming a linear dis' Jibution of
strain through the wall thickness. For subsequent analyses, the
spalled portion of concrete, which is assumed to exist in a ring
along the circumference of the containment, is ignored in stiffness
and strength evaluations. However, the rebars in this region are
assumed to provide resistance in tension. The basis for 0.2% strain
above is that in tests of concrete cylinders or columns under
concentric compression, load begins to drop at a strain of about
0.2%; see, for example, Reference 2.11.

b. Steel Elements

The effect of initial earthquake on the stiffness properties of
steel elements is considered small and it is ignored. The depletion
of ductility limit, however, may be significant. For steel elements
where strains go beyond yield strain, the maximum permanent set is
estimated and deducted from limiting strain values given in Sections
2.2.1, 2.2.2 and 2.2.4.

2.1.4 Overall Seismic Analysis Model (Step 4)

Figures 2.9 and 2.10 show typical seismic analysis models. The
principal features of these models are described below:

a. Different vertical beams are used to represent the containment
building, containment internal structures and other buildings which,
with containment, rest on a common basemat. In Figure 2.9 for

! Fermi, for example, there are five vertical beam branches
| representing the reactor building, the concrete biological shield
| wall, the steel containment, the reactor pressure vessel, and the
! sacrificial shield. Horizontal truss type members are used to
1
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connect beam elements where positive connection between vertical- -

beam nodes exists. If nodes of two beams at the same elevation are
not physically connected but their relative motion is of interest, a

. very sof t horizontal truss element is used to conveniently monitor
such interferences; the element from node 10 to 17 in figure 2.10,
is an example.

b. The basemat is modeled by ho"izontal beam elements to which *

foundation springs and dashpots sre attached; see horizontal beam
elements from node 7 to 8 in Figore 2.9 and from node 38 to 64 in

.Figure 2.10, as examples. '

c. In the containment building vertical walls stiffen the basemat
against bending. This effect 13 simulated by considering fictitious
horizontal girders, such as the girders connecting nodes 1-9-16-13-4
in Figure 2.9. In this situation.- the total base moment of the .

reactor building in the beam element 21 - 16 is transferred to the
stiff horizontal girder at node 16 and the vertical truss members
1-7. 9-14, 13-15 and 4-8. transfer the moment load to the basemat
nodes. These vertical truss members are selected at locations of
major shear walls and column lines in the reactor building.

d. The horizontal shear load of buildings is transferred to the basemat ^

by fictitious inclined truss members connecting the base of the
vertical beams at horizontal girder to the basemat nodes; see
elements 16-7, 16-14, 16-15, and 16-8 in Figure 2.9.

e. Masses are concentrated at vertical beam building nodes and on the
horizontal beam nodes which represent the basemat. The horizontal i

fictitiousgirder(s)aremassless.

f. As discussed in Se: tion 2.1.3, at the ends of beam elements
representing the containment building, bilinear-hysteretic hinges
have been provided to consider the effects of yielding in the
vertical direction due to seismic moments. The effect of pressure
on these elements is also included. The beam section between the
end plastic hinge locations, as well as beam elements in other F

vertical beams representing various concrete buildings and the,

basemat beams, are treated as elastic with moment of inertia equal'

to the average of cracked and uncracked section properties. Normal
| area used for these elements varies from about 0.7 to 1.0 times the
i uncracked concrete area. In the stiffness calculation the
i parameters E l or E A are calculated using above values of moment ofcinertiaI,orareak,andthemodulusofelasticityE computed from ;cEquation (2.10). ,

Ec = 57000 f'c (2.10)

in which

E. modulus of elasticity of concrete, psi=
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f'c 28-day cylinder strength of concrete modified for=

.5-year aging, psi

The concrete shear modulus G is calculated fromc

E

G
c " 2(1 + v ) M

c
where

Poisson's ratio.for concrete = 0.17v =
c

For shear stiffness calculation of the vertical beam elements
representing the containment wall, the effect of cracking on
reducing the shear modulus is considered by appropriately reducing

,

>

the shear area as discussed in Appendix A. i

for other concrete beam elements in the seismic model, the effect of
.

reduction in shear stiffness is considered similarly; however, the
reduction factors vary from those listed for the containment wall in

,Appendix A. These factors differ for different parts of the model
and were determined using the approach in Appendix A and the
analyst's best judgment on the nature of tension or compression

.

which should be considered acting in the vertical direction. A :
discussion on the uncertainties related to the choice of these
parameters is included in Chapter 8.

g. In the seismic models springs and dashpots are attached to the base-
mat nodes; see Figure 2.9 (the dashpots are not explicitly shown in |
this figure for clarity) for example. The constants for these
elements were determined using Equations (2.3) through (2.8); a '

uniform distribution of parameters with respect to basemat area was
assumed.

,

For all containments, the effect of foundation uplift during seismic
excitation is considered. This consideration requires using one-way
vertical springs and dashpots. Figure 2.11 shows the behavior of spring

|. and dashpot forces that are attached in the vertical direction to a '

,

|- basemat node. When a basemat node moves upward relative to ground
'

beyond a certain value vtl, herein referred to as limiting tensile
displacement, the tensile spring force remains constant at Ftl, see
Figure 2.11. During unloading, the spring force is again constant at,

'

Ft1 until relative displacement becomes less than vtl. For relative :
L displacements less than vtl, a linear behavior is assumed. The value of

vtl is determined for each spring from

i vtl = (2.12)
|
' where
|

L k = spring constant of vertical spring
1
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k

Ft1 = tensile limit for a spring
'

Within the values of Ft1 specified for a nodal spring, the effect of
downward friction forces acting on basement walls as well as adhesion
between basemat and rock are considered. The highest value used for
this adhesion is 20 psi for rock foundations and only 1 psi for soil -

foundations. The tensile strength across concrete construction joints
well exceeds 100 psi (References 2.12 and 2.13). The adhesion of
concrete to rock is similar to the adhesion of concrete to concrete;
therefore, the use of 20 psi adhesion for rock foundations is conser-
vative. For values of Ag greater than the value'for which adhesion is
overcome, the contribution of adhesion to Ft1 is considered negligibly
small.

The vertical dashpot force acting in parallel with a one-way spring is
calculated as

fch,ysvtl
Dashpot " 3 (2.13)F

(o , y > vtl '

in which c is the dashpot constant and y and y are the vertical basemat
node displacement and velocity relative to the ground.

2.1.5 Calculation of Dynamic Response (Step 5)

Time history analysis of the seismic models is conducted using a step-
by-step. integration procedure. For a selected value of Ay, time ,

histories of horizontal and vertical acceleration are applied at the
support points of boundary springs and dashpots simultaneously. The
solution is calculated using S&L Program NONLIN 2. This program uses an
incremental approach to integrate the equations of motion. In addition
to the foundation dashpots, a damping matrix,

(C| =a|M]+a[K] (2.14)

is included in the analysis to represent the structural damping. The
constants a and a were chosen in such a manner that, for elastic

( response, an equivalent modal damping of 4% to 10% resulted for the
j. predominant structural modes.
1 ,

| 2.1.6 Assessment of Containment at AH (Step 6)

For the containment and load combination under consideration, the
dpplicable limit states of Table 1.2 are evaluated using the peak
seismic forces determined from peak accelerations of the analysis of
Section 2.1.5 and the effects of other forces in the load combination.
The evaluation criteria are described in Section 2.2.

For each limit state under consideration, the capacity margin factor is
the ratio

2-11



I

i

Capacity according to failure criterion ;

m= applicable to limit state (2.15)
Load effect for load combination

applicable to the task |

1

Details of evaluating limit states and calculating capacity margin l
factors are described in Chapters 3 through 6 for the four contain-

.ments. It should be noted that basically these evaluations require r

combining effects from dead load, prestressing, pressure, temperature *

and peak seismic loads. For limit states which require shell analysis,
the analyses are performed for each load separately and then results are
combined. For concrete containments, these analyses were performed
using program DYNAX. In this application of DYNAX, however, the effect
of concrete cracking was not considered because DYNAX can consider
cracking only for axisymmetric loads and seismic loads are not
axisymetric. The shell element forces thus derived were combined in '

the S&L program TEMCO. TEMC0 considers effects of concrete cracking and
steel yielding at the element level for the combined element shell
forces. In this manner, strains in liner, reinforcing steel, and
concrete were evaluated.

The TEMCO evaluation also considered the effect of the hc Atal
earthquake component not included in the plane-frame seismk ; sis.
This effect was considered by including in the shell .; an

orthogonal horizontal load with intensity equal to 0. the ''

horizontal load determined through time history analysis. .se of
0.4 factor represents a good approximation of the square ron .. 'ne sum '

of squares rule; see Reference 2.2.

The approximation of linearly combining different load effects to obtain
|. total response for nonlinear systems considered in this report is
| recognized. In order to assess the effect of this approximation,
I further studies were made on the Clinton containment only. For this
|- containment, effects of concrete cracking and rebar and liner yielding '

.

were considered on the system level by applying peak seismic loads in "

; sequence with dead load to a finite element model of the containment.
i This quasi-static incremental analysis utilized Program ADINA. Results
' of this evaluation are discussed in Chapter 7.

For steel containments, peak seismic and other loads were applied to an
i axisymmetric model of the containment vessel using CBI program E0778A.
|

| Finally, at the conclusion of assessment of Step 6, if for the value of
; Ag being evaluated, sufficient margin is demonstrated against the limit
|' states of interest, capacity at this AH is not reached. Seismic level
; is then increased by increasing AH and repeating the six-step evaluation
| until the margin at some AH becomes 1.0, which defines realization of
| the limit state being evaluated.

; <
,
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2.2 Criteria for Evaluation of Limit States
,

t

In establishing the criteria for evaluation of limit states listed in
Table 1.2, the prevailing philosophy was that the analysir l'eing per-
formed should predict, with a reasonable degree of confidence, the
levels of An up to which the containment, although approaching its
limits, would not actually fail. Obviously, this study being a sevping

'~ study to evaluate containment seismic capacity, containment behavior in t

the nonlinear range is evaluated. However, no attempt has been made to
extensively probe the actual limits of containment capacity before
actual failure. In general, somewhat conservative evaluation criteria
have been established for various limit states. Since the basic purpose
of this study is to get a perspective on containment behavior under
strong seismic loading and to identify any potential weak links, this
somewhat conservative approach is considered appropriate. Thus it is
important to note that the seismic capacities reported from this study
should not really be taken as the earthquake level at which containments
will actually fail. Our collective judgment is that there is still
margin left beyond the capacities identified in this report. Some of
the reasons for this judgment are discussed in Chapter 8. Probing the
limits of this additional margin will take more extensive analysis
and/or testing, which is beyond the scope of this study. The
conservative approach described in this paragraph is consistent with
other studies of seismic margin of nuclear power plant structures and
components. Indeed, the approach taken in this study can be viewed as
the Conservative Deterministic Failure Margin (CDFM) method of .

determining High Confidence of Low Probability of failure (HCLPF)
seismic capacity of containments.

Table 2.1 lists the strain , stress , or force-based evaluation criteria
used .to define realization of the sixteen limit states shown in Table
1.2. The use of word " failure" in these two tables should be understood
in the context of the discussion provided in the above paragraph. A
discussion of the criteria given in Table 2.1 is provided in the follow-
ing subsections.

t

2.2.1 Failure of Steel Liner

The criterion shown in Table 2.1 for evaluating failure of a steel liner
is based on the results of a post-test analysis of 1:8 scale steel
containment model pressurized to failure (Reference 2.3). This analysis ;

showed surface principal strain of 3% at locations away from the point
|of discontinuity at which f ailure occurred. Also, at these locations,

bending strains were insignificant. Therefore, the surface strain can
be interpreted as membrane strains. At failure point, calculated
failure strain was about 15%. Since within the scope of our analysis it
is not possible to account for non-axisymmetric features and local
strain intensifications and our evaluated strains will be overall
strains, it is reasonable to use 3% as the limit for mid-thickness

||

| strain. However, because of additional uncertainties, a slightly more |

| conservative limit of 2% for mid-thickness strain for this study was |

. selected. Since selection of this failure criterion, preliminary |
l' results from the high pressure test on 1:6 scale reinforced concrete |
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containment model have become available (Reference 2.10). In this
model, the liner is attached to concrete with studs. The free-field
liner strains at failure varied from about 1.1% to 2.3%. Based on this
information the failure criterion of 2% for membrane strain in liner in '

Table 2.1 is described as being close rather than as conservative,
s

The ratio of allowable combined strain to allowable membrane strain in
ASME Section III, Division 2, Table CC-3720-1 is about 3. Using this
information and the selected mid-thickness strain limit of 2%, the limit
for surface strain is determined as C%. _,

These criteria are intended for checking a containment liner at regions
of high containment shell forces including tangential shear.

2.2.2 Failure of Reinforcing Bars ,

The limit of 10 for the ratio of rebar strain to its yield strain, shown
in Table 2.1, can be inferred from the maximum limit permitted for -
plastic hinge rotation in reinforced concrete beams and slabs. Based on
the interpretation of test results, the limit of plastic hinge rotation,
in radians, can be expressed as (References 2.4 and 2.5)

el 5 0.0065 ( d ) but not more than 0.07 (2.16)p c

where

curvature ductility4 =

1 plastic hinge length=
p

distance from compression face to tensile reinforcementd =

distance from compression face to neutral axis consideringc =

tension and compression reinforcements ,

Using crushing strain value of 0.003 tor concrete in reinforced concrete
beams, and a = 2d, it can be shown that for the walls of concrete
containmentsSnthisstudytheratioofrebarstraintoitsyieldstrain t

exceeds 10. Therefore, it is reasonable to use a limit of 10 for this
ratio. Since the upper limits for plastic hinge rotation noted above
are regarded as conservative, it is our judgment that use of 10 X yield
strain in Table 2.1 is also conservative.

This criterion is intended for checking containment at regions of high
tangential shear, bending, membrane plus bending, and also for checking |local effects at points of interference with adjacent structures. I

2.2.3 Failure of Prestressing Tendons
|

For tendons, the difference between yield and ultimate strains, based on '

applicable stress-strain diagrams, is relatively small compared to |

similar differences for reinforcing bars and liner steel. Therefore,
limiting the tendon strain to the yield strain is reasonable, as shown

,

in Table 2.1. '

I

|
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2.2.4 Tensile Failure of Steel Containment Shell

The criterion for the tensile failure of the steel containment shell is
the same as the criterion for steel liner. Based on the discussion of

,

the 1:8 scale steel containment tests given in Section 2.2.1, the
selected limits are considered as conservative. This criterion is
intended for checking the containment shell for high membrane tension
and bending plus tension at points of embedment to concrete, cylinder to
bottom liner transition, or at penetrations.

,

2.2.5 Buckling of Steel Containment Shell

The use of ASME Code Case N-284 in Table 2.1 is conservative even when a
factor of safety of 1.0 is used. This conservatism results from the
fact that the knockdown factors used are based on the maximum
imperfections which are permitted in the ASME code. The stiffening
effect of orthogonal tension, and a modification in the theoretical
elastic buckling stress using 8050R computer program was included for
Fermi containment evaluation, as discussed in Chapter 3 and Appendix B.

2.2.6 Transverse Shear Failure in Containment Wall /Basemat
,

For a wall, if shear capacity is exceeded, subsequent cycles of seismic
loading could lead to rebar and liner buckling. The criterion shown in
Table 2.1 is to guard against this potential for loss of containment in-
tegrity. Even though our evaluations using Section.11.3 of ACI Code
employ a capacity reduction factor of unity, the evaluation is
considered to be conservative in view of inherent conservatism of shear
failure criteria in the ACI Code.

For basemat, the transverse shear capacity from the ACI code is compared
to the average, rather than the peak, shear force calculated across a
section through the width of the basemat. The average shear force is |

| considered because it is intended to evaluate a gross shear failure,
rather than a local shear failure at the basemat. Because of averaging,
this application of the criterion is classified by judgment as close
rather than conservative in Table 2.1.

| 2.2.7 Through-Wall Crushing of Concrete
1

The criterion of a strain of 0.002 shown in Table 2.1 corresponds to the'

strain at which load begins to drop in concrete test cylinders
(Reference 2.11). This strain at ultimate stress is assumed to i

correspond to commencement of crushing as would be the case for a short
tied column under concentric loading. Partial crushing of concrete in
the wall by itself does not constitute failure. However, through-wall
crushing of concrete resulting from compression on both faces may cause

,

buckling of liner and rebar which upon cycling during seismic event can '

potentially cause loss of containment integrity.

The criterion shown in Table 2.1 is classified as close based on the
results of concrete column testing.
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2.2.8 Penetration Failure in Concrete Containments

The penetration capacity used-for the evaluation of this limit state is '

the calculated capacity of the anchorage of the penetration, determined
using provisions of paragraph CC-3421.6 of the ASME Code, Section III.
Division 2.

In lieu of a detailed study to evaluate the failure of attachment welds
between the penetrating pipe, the pipe sleeve and the liner, failure of
the penetration anchorage per this criterion is considered to be the'

structural weak link in the penetration assembly and anchorage. The
evaluation is conservative in view of inherent conservatisms of code
capacities as demonstrated by recent tests discussed in Section 4.4.4.

The failure of a penetration in steel containments is addressed by the
strain criterion for. steel containment shells ghen in Section 2.2.4.

The penetration evaluation was made for large, representative
penetrations.

2.2.9 Failure of Pretensioned Bolted Connections at Equipment Hatch and
'Drywell Head

The shear resistance at the bolted connection of equipment hatch or dry-
well is mobilized by frictional resistance resulting from bolt preload
and by tongue and groove engagement, as applicable. When frictional
resistance from bolt preload is considered, the value of preload was
determined from drawings or Operating Manual. If this information was
not specified on the drawing or Operating Manual, a fraction of bolt
allowable load using ASME Code for operating conditions was employed.
This fraction, based on design assumptions, was 75% for pressure seated,
and 100% for pressure unseated construction. The value of preload used
in the evaluation was reduced from the specified value by 10% to
consider the effects of bolt torque relaxation.

The above evaluation criterion for the bolted connections is classified
as close, since the contribution from friction, as well as the tongue
and groove engagement are utilized at their best estimate values.

2.2.10 Shear Failure at Buttress Plate

In computing the frictional resistance at the buttress plate for the
evaluation of this limit state, a coefficient of friction, = 0.40, is
used based on Reference 2.6. The shear contribution of reinforcing bars
and monolithic concrete is also included according to ACI 318 Section
11.3. The evaluation is judged to be conservative because of the
inherent conservatism of the Code shear evaluation.

2.2.11 Failure of Steel Containment Shell at Beam Seats and Ice Chest
|

Supports
1

i As shown in Table 2.1, e taluation for this limit state is based on

| initiation of yielding and therefore is considered conservative. A non-
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linear evaluation of the local strains developed at the support points
in the containment shell was too expensive for this scoping study,
therefore a conservative criterion was used.

2.2.12 Failure of Suppression Chamber Supports
i

Again, as shown in Table 2.1, the ' criterion' for this limit state is
based on elastic evaluations due to cost considerations, and therefore
it is considered conservative.

2.2.13 Bearing failure of Foundation

This limit state is an indirect limit state since failure of foundation
is not directly related to the loss of containment integrity. However,
since large soil displacements and strains are likely to occur af ter a
bearing failure of foundation, which could indirectly affect containment
integrity, it is identified as one of the limit states. For evaluation
of bearing failure in presence of rocking and uplift, the average pres-
sure on contact area, rather than the maximum pressure, is compared to
the bearing pressure because exceeding the bearing pressure at a point
may not precipitate bearing failure. This application of criterion is
classified, by judgment, as close in Table 2.1.

2.2.14 Failure Due to Sliding of Containment

for the evaluaticn of this limit state, as shown in Table 2.1, the
frictional resistance at the basemat-soil interface is determined from
available contact area and shear resistance at time t, considering
effects of both horizontal and vertical seismic motions. The side
pressure differential is determined from the integrated resistance
obtained from the difference between passive and active pressures acting
on the projected area of the buried part of the structure at time t. [

l
Like the bearing failure of foundation, this limit state is an indirect '

limit state. When containment has a separate basemat, differential
movements between containment and adjacent buildings resulting from !
sliding may produce a potential for loss of containment integrity due to
potential ripping of pipings attached to two buildings. Any more
detailed analysis of the displacement effects af ter sliding is beyond
the scope of this study. Therefore sliding itself is considered an
indirect limit state. When containment and adjacent structures are on a
common basemat, sliding of basemat is not considered to cause a similar i

'loss of containment integrity.

2.2.15 Liquefaction of Foundation Soil

Similar to the bearing failure of foundations, this limit state also has
potential for causing large soil displacements and therefore is
considered an indirect limit state. The evaluation for this limit state
is based on References 2.7 and 2.8. A f actor of safety of 1.0 against ;

| initiation of liquefaction is used as the criterion. Since initiati n of |

| liquefaction is used as the criterion, this evaluation is consiaered |

| conservative.
|
'

|
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2.2.16 In-Plane Shear Failure of Walls Adjacent to Containment
,

At Fermi and Sequoyah the failure of shield walls outside the
containment could indirectly affect the structural integrity of the
containment. Therefore, failure of shield wall itself is considered an
indirect limit state. The overall shear failure of walls is evaluated 1

using the ACI Code criteria as shown in Table 2.1. Due to the inherent
conservatisms of the Code provisions, this criterion is consideredv

conservative.
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i" 4. Table 2.1

. 4

'

"1, Criteria for Evaluation Of Limit States !t . <
,l' ' Limit State Description. Evaluation Criteria Remark

'

N '

(Note 1)
j'

,

,

A- Je 1. Tensile failure'of steel Mid-thickness strain > 0.02 '

E liner Surface strain .> 0.06 Closeb
p ,

,

2. Failure of. reinforcing Strain > 10 x yield strain Conservative 4t.
,

-

3. Failure of prestressing Strain > yield strain Close [
g

tendons,

,
.

4. . Tensile failure of Mid-thickness strain > 0.02 Conservative |'

steel containment shell Surface Strain > 0.06 ''-

:i . Buk11ng of steel Membrane compression > Conservative
containment shell buckling stress determined

from ASME Code Case N-284
7 for factor of safety of 1.0

,

6.: Transverse shear failure Nominal shear stress > Conservative-"
in wall /basemat capacity per ACI 318-83 (forwall) :w

- Section 11.3 Close .0 (f. basemat)(for
"

e

1. Through-wall crushing Average through-wall Close
of concrete compressive strain > 0.002 ,'

, ,

.

< ,

.o 8. Penetration failure Force on penetration Conservative
>

d in concrete containment anchorage > capacity of
penetration '

3

9. Failure of pretensioned Shear at connection > shear Close
bolted connections resistance at equipment

hatch and drywell head,

10. Shear failure at Longitudinal shear flow > Conservative
buttress plate frictional plus shear

resistances including rebars i

11. Failure of containment Initiation of yielding Conservative,

shell at beam seats or according to Tresca yield -

ice chests supports criterion.
-

'f' 12. Failure of suppression Stress > 1.60 AISC allowables Conservativei chamber supports or 1.0 stress limits, which-
ever is less :1. ,

!

!

i _i k Q

'

6

'
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Table 2.1
CriteriaforEvaluationJfLimitStates(cont'd)

.

Limit State Description Evaluation Criteria Remark
!(Note 1)

13. Bearing failure of Average pressure on contact Close
foundation area > ultimate bearing

capacity of foundation
material

*14. Failure due to sliding Horizontal force > Close
of containment frictions 1 resistance

plus side pressure
differential

,.

15. Liquefaction of Average cyclic shear > Conservative
foundation soil average cyclic shear '

capacity

16. In-plane shear failure Total shear force > Conservative
of walls adjacent to strength per ACI 318.83,
containment Section A-7.3

NOTE (1) Provided reasonable numerical procedures for calculation of
nonlinear response are used, an inability to load the model
further is also considered a failure criterion, even if the
limits stated here are not exceeded.

I'

5 -

,
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3. EVALVATION OF FERMI CONTAINMENT :

!

3.1 Description of Fermi Containment |
:

Figure 3.1 shows a general arrangement plan of major structures in !

Fermi. Only the reactor and auxiliary buildings are included in the
seismic analysis model. These buildings and the direction assumed for
horizontal acceleration in the analysis are indicated in Figure 3.1. !
Figure 3.2 shows an East-West section through the reactor building. |Because of the continuity of the reactor building basemat with auxiliary |building shown in Figure 3.2, tendency for uplift is grea.or in the ;
North-South direction. For this reason analysis is made along the ;

shorter plan dimension of the reactor and auxiliary buildings. j

As shown in Figure 3.2, the reactor building is founded on a square {(154' x 154'), rock supported, four feet thick, reinforced concrete '

basemat at elevation 540'-0". A circular concrete pedestal, centrally !

located on the base slab, extends upward to the first floor; and >

concrete walls extend upward from the basemat to the first floor. |

The primary containment system's pressure suppression chamber, a steel !
pressure vessel shaped as a torus with a 112 f t.-6 in. major diameter iand a 30 f t.-6 in. cross-sectional diameter, encircles the circular
pedestal and is supported on the concrete basemat. Figures 3.3 and 3.4
show the suppression chamber plan and its supports.

;

i

The bulb shaped steel drywell, shown in Figure 3.5, is housed within the idrywell cavity in the reactor building. The spherical surface of the '

bottom of the drywell is embedded in the top of the concrete pedestal
from elevation 570'-1", marked embedment in Figure 3.5, to the lowest
point of sphere which occurs at elevation 563'-0". As shown in Figure
3.5, a 68 feet diameter spherical section forms the lower partion of the

idrywell, and a 38 f t.-10 in, diameter cylindrical sectir.n forms the
!upper portion of the 115 ft.-0 5/32 in, high steel drywell. The drywell

houses the reactor pressure vessel, the reactor coolant recirculation
loops, and other branch connections of the reactor primary system.
Eight 6'-0" diameter circular vent pipes, equally spaced around the
spherical portion of the drywell, radiate downward to form the !
connection between the drywell and the pressure suppression chamber; see iFigure 3.3. >

,

immediately above the embedment elevation, the drywell is backed by
compacted sand to provide a transition froTt full embedment to an
unrestrained condition. This is marked as sand pocket in Figure 3.5.

A reinforced concrete biological shield wall, monolithic with the floor i

slabs of the reactor building, surrounds the drywell (see Figure 3.2).
The drywell is separated from the concrete shield wall by a two inch
gap, except for its lower portion which is embedded in the concrete '

drywell pedestal.

3-1
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As indicated in Figure 3.5, at elevation 647'-6", where the sacrificial
shield stops, the reactor pressure vessel is connected to the sacrifi-
cial shield, and the sacrificial shield, in turn, is connected to the
drywell by a stabilizer truss arrangement. At this same elevation, the
drywell is also connected to the reinforced concrete biological shield
wall by eight shear lug connections. These shear lugs permit some
radial and vertical movement but inhibit any tangential movement of the
drywell at this elevation.

There are further horizontal connecting elements between reactor
pressbre vessel, drywell, and the biological shield wall. These occur
near the flanges of reactor pressure vessel and drywell head between
elevations 659'to 662'-6"; see Figure 3.5. At these levels, the reactor
pressure vessel is connected to drywell by refueling bellows and the
drywell is connected to biological shield wall by drywell bellows.

Containment Internal Structures

The main structural elements within the drywell, marked in Figure 3.5,
are as follows:

a. Drywell floor: This is a reinforced concrete pad poured on the
bottom of the drywell. It is connected to the basemat concrete
pedestal with special shear keys that transfer lateral forces to
the mat.

b. Reactor Pedestal: This is a reinforced concrete cylindrical shell
with an outer radius of 14'-6 1/2" and a height of approximately 26
feet. The thickness of this shell varies from four feet at its
base to 5'-6 1/2" at its top. The shell is reinforced on both
faces by hoop and meridional steel and is integral with the drywell
floor. The reactor pedestal supports the reactor vessel sacrifi-
cial shield, and pipe whip restraints either directly or indirectly

c. Sacrificial shield: This is a composite structural steel structure
which is filled with grout. The sacrificial shield wall has out-
side diameter of 29'-1", height of 48'-11 3/4", and wall thickness
of l'-9 1/4". The sacrificial shield acts as a radiation and heat
barrier. It also laterally supports the reactor vessel, and dry-
well stabilizers, and pipe whip restraints.

d. Platforms: There are two gallery floor levels within the drywell
at elevations 607'-0" and at 585'-3 7/8". Upper gallery beams span
from the sacrificial shield to upper beam seats on the drywell.
Lower gallery beams span from the reactor pedestal to the lower
beam seats on the drywell.

Access to Drywell and Suppression Chamber

Drywell access is provided by one personnel lock at elevation 588'-11,

| 1/2", two equipment hatches of 12' and 13' diameters, both at elevation
| 590'-4", and the drywell head at elevation 662'-6". The personnel lock

has two gasketed doors in series and is cantilevered from the drywell.
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The lock is welded in the drywell to a 160 inch diameter three inch i

thick insert plate. The 12' diameter door is pressure seated; the 13' i

diameter door and the drywell head are both pressure unseated.

The suppression chamber is equipped with two 48 inch inside diameter
access manways. Each cover is bolted with 28 5/8" diameter bolts.

3.2 Analysis of Drywell for Gravity. Pressure, and Temperature Loads

Analyses to determine the effects of gravity, pressure, and temperature
loads were made using CBI program E0778A. The shell membrane stresses ,

are calculated at 10 selected locations above the embedment point (see
Figure 3.6) for the gravity and pressure loading by this program. For '

areas of the shell removed from geometric and thermal discontinuities,
the membrane stress is essentially the same as the surface stress. This ,

is true for points 1 thru 8 shown in Figure 3.6. Points 9 and 10 are in
regions of geometric and thermal discontinuities and therefore are
subject to local membrane effects and surface stress evaluations. The
output loads from CBI program E0778A at point 8 are used as boundary .

loads of a local analysis of the shell in the sand pocket zene, i.e.,

between points 9 and 10. This analysis is performed using CBI program
E0781A-Kalnins Shells of Revolution Program. The local membrane values
in this zone of geometric and thermal discontinuities are thus
determined.

Although surface stresses as well as membrane stresses have been
calculated, only membrane strerses have been used in the construction of
M-9 diagram for seismic analysis model. The use of membrane stresses is
justified in that gross yielding or buckling will occur if and only if,
the membrane stress reaches the critical level. ;

Table 3.1 summarizes meridional and circumferential stresses at design
0pressure of Pd = 56 psig and design temperature of Td = 281 F, For

0thermal evaluations a construction temperature of 70 F was assumed.

0At Task 5 temperature of 550 F, the circumferential stress at the upper
cone to cylinder junction elevation 658.7 ft. in Figure 3.6 reaches 29.4 r

ksi when the pressure is 74 psig. Since the specified minimum yield
strgss of the drywell steel, which is SA-516 Grade 70, is 29.4 ksi at ,

550 F, this value of 74 psig is used as P for Task 5. Table 3.2 lists
#values of meridional and ircumferential stresses at 9 nodes for this ,

temperature and pressure.

Because of the small difference between Task 4 pressure of 56 psig and
Task 5 pressure of 74 psig, no separate calculations for Task 6 were
made.

3.3 Seismic Analysis
.

3.3.1 Overall Seismic Model

Figure 3.7 shows the overall seismic model used for the Fermi
containment analysis. The details of constructing this model are

,
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discussed in Section 2.1.4. Additional information specific to this
model is discussed in this section.

Since Fermi containment is founded on rock, which has a minimum shear
wave velocity of 6500 f t./sec., foundation properties are considered ;
independent of strain. A shear modulus value for rock
ksf. Poisson's ratio of 0.24, unit weight of 150 lb./f t.gqual to 72,000

;
, and an equi- '

valent basemat radius of 102 f t. were used to compute the foundation
spring and dashpot constants based on equations given in Section j
2.1.2. Table 3.3 lists the values of the spring and dashpot constants. :

1

The concrete compressive strength, f' used relative to the design
value in the Fermi analysis is 4680 psi,, which includes an increase of

,

!

17% relative to the design value due to aging (Reference 2.11). The
iminimum specified yield stress of reinforcing bars is 60 ksi. The

drywell steel properties are given in Table 3.4. These material
properties are based on the minimum specified values, and therfore are :

considered convervative.
t

In order to construct M-9 diagrams for the drywell beams, as discussed '

in Section 2.1.3, first the Fermi drywell model was loaded with a
uniform horizontal loading, and ratios of hoop to meridional stresses,
a, were determined at various elevations. Then the drywell was divided ,

in five zones and one M-9 diagram was constructed for each of these '

zones for each task based on the calculated values of o, the existing ,

stresses due to pressure and temperature shown in Table 3.1 and 3.2, and -

the steel properties shown in Table 3.4. The e''vations of the five
zones, the corresponding a values, and the membraae stresses used for

,

yield stress calculation 3 using the procedure of Figure 2.8 are listed !

in Table 3.5. The yield stresses for tension and compression loading,
fpandfp obtained from this application are summarized in Table 3.6.

,

It can be teen from Table 3.6 that the effective yield stress is signi-
ficantly reduced due to the effect of biaxility. The more significant
reduction in Zone 5 is due to the high value of 8.29. It is noted that ,this a value represents an average of the calculated a values over the
zone, whereas in other zones, maximum a values have been used to repre-

,

sent the zone. The choice of average a in Zone 5 was dictated by the
fact that the use of maximum a value, which occurs at the knuckle, would ;

I mean a hoop stress very close to yield during seismic excitation in the
| zone,

i
| For T6sks 4 and 5, the circumferential stress values shown at point 9 in
| Tables 3.1 and 3.2 show sigr.ificant compression due to the thermal load ,

effect near the embedment into the concrete. Because of a significant
tensile hoop stress at Point 8, which is approximately 4.5 feet above
Point 9, see Figure 3.6, stress states of Points 8 and 9 were averaged
to determine the parameters used for determining the reported values of
fpandfp in Table 3.5 for Tasks 4 and 5.

| The M-9 diagrams for the five zones are shown in Figures 3.8 and 3.9 for
Tasks 3 and 5. respectively. It should be noted that in Zone 1 the
yie!d moment of the section is reduced by a factor of 1.86 in going from,

|
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Task 3 to Task 5 because of the effect of pre-existing pressure stresses
and the reduction in yield stress due to elevated temperature. In Zone
5, this reduction is by a factor of 3.08, because of higher pressure
stresses and higher a factor.

The lowest point of th drywell included in the seismic model is at the
concrete drywell flooi , E1 572'-1". Because of the presence of con-
crete, shell evaluation below this point was not considered necessary.

The stiffnesses of element 44-46 (drywell bellows), element 46-51
(refuelingbellows), element 38-39(shearlugconnectionbetweendrywell
and containment shield), element 39-47 (stabilizer truss), and element
45-47 (reactor stabilizer) were obtained from Reference 3.1.

In the evaluation of the tensile limit force of the vertical rock
springs, Ft1 shown in Figure 2.11, a value of 20 psi was used for
adhesion when Ag is less than or equal to 0.45g. The basis for 20 psi
is given in the discussion that follows Equation (2.12). For higher
values of Ag, because of occurrence of uplift, a minimal value of 1 psi
was used for adhesion.

The first six modal frequencies of the structures included in the Fermi
seismic model, assuming linear behavior are shown in Table 3.7. This
table also includes the frequencies of the fixed base model, i.e., one
without the foundation springs representing the rock half space. It can
be seen that the difference between the frequencies of the two models is
small because of the stiff rock foundation condition.

3.3.2 Seismic Analysis Results

figures 3.10 and 3.11 show the vertical displacement time histories of
the ends of the basemat, i.e., nodes 7 and 8 in Figure 3.7, for Ag=
0.45g. As can be seen from these figures, the tension limit of one way
rock springs is just exceeded at this acceleration level. Figures 3.12
and 3.13 show the same results at Ag = 0.60g. As can be seen from these
figures, significant basemat uplif t takes place at this acceleration
level. As regards to the extent of the basemat affected by uplift, at
AH = 0.60 g, 75% of the basemat uplifts, i.e., in Figure 3.7 the nodes 8
through 17 of the basemat uplift, and the length of contact reduces from
the original of 157 feet to 40 feet.

Figures 3,14 and 3.15 show the horizontal and vertical response spectra,
respectively, at node 46, which is top of the drywell, for AH = 0.60g,
when significant uplift has occurred. These spectra are compared with
the spectra corresponding to AH = 0.45g, multiplied by a facNr of 1.33,
which represents the same level of excitation, but a condition of no
uplift. It can be seen that the high frequency portion of the response,
in both horizontal and vertical directions, increases significantly due
to uplift. In the horizontal direction, a slight effect of softening of
the structure due to uplift is also evident at the fundamental frequency
of the structure, i.e., around 2.6 cps, where the peak response
decreases slightly and a small frequency shift in the peak occurs.
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Table 3.8 shows the comparison of base shear and moment for the steel
drywell shell, when it is considered elastic, it can be seen that the

i

uplift reduces the structural responses somewhat in this c.ase. The ;

effect of uplif t on the structural response depends upon the structural ;
frequencies, as is further discussed under Sequoyah containment in '

Section 6.3.2. I
i

The effect of uplif t on basemat transverse shear and moment is not |

presented here, but it is discussed in Sections 5.3.2 and 6.3.2 for Zion |
and Sequoyah containments, respectively. '

|
'

3.4 Capacity Margin Factors

The capacity margin factors, calculated using Equation (2.15), for the
,

fermi containment are listed in Tables 3.9 and 3.10. Table 3.9 contains !
margins for limit states that are directly related to the containment !

pressure boundary. Table 3.10 contains margins for those limit states
whose realization may indirectly affect the containment performance; ;

containment integrity beyond these limit states cannot be determined {within the scope of the present study. '

In Tables 3.9 and 3.10 the direct and indirect limit states, respect- !
ively, are arranged in decreasing order of criticality. the calculated
margins are used, with some judgment, to arrive at this rank ordering. :

Further comments on the relative criticality of limit states are <

included in Section 3.5. The margins given in Tables 3.9 and 3.10 were |
generated by using time history analysis results at AH = 0.15g, 0.3C9,

'

O.45g, and 0.609 The containment was evaluated for peak seismic loads .

using the failure criteria which are stated in Section 2.2. These
'

tables also contain a statement of the criteria used for ready
reference. |

L

'The tables list the limit state code for correlation with Table 1. 2
'

which describes limit states to be evaluated. It will be noted that all
limit states cited in Table 1.2 have been addressed. r

Note that margin factors given in Tables 3.9 and 3.10 generally refer to '

the seismic excitations associated with AH = 0.60g, unless the margin; ,

for a limit state becomes 1.0 at a smaller value of Ag.

. Specific comments about the capacity margin f actors in Tables 3.8 and
| 3.9 are given below in Sections 3.4.1 through 3.4.9; concluding comments
| are given in Section 3.5. '

1

3.4.1 Buckling of Steel Containment Shell

The buckling evaluation of the drywell was performed using the theoreti- *

'

cal buckling strength obtained from ASME Code Case N-284, and reducing
| this strength by a knockdown factor to account for fabrication /

construction imperfections. The knockdown f actor was computed, as'

i discussed in Appendix B, by modifying the Code recommended knockdown
factor to account for the stiffening effect of the orthogonal tension.
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If the capacity margin factor thus calculated was less than one, a more Idetailed analysis of the theoretical buckling strength was performed ;
using BOSOR computer program, as discussed in Appendix 0. .

!

The critical region of the shell for buckling evaluation is near the
embedment, on the compression side, at node puint 9 in Figure 3.6. The
capacity margin factors for meridional buckling, using the Code Case
buckling strength values and the modified knockdown factor, are 1.22, ,

1.46, and 0.99, for Tasks 3, 4, and 5, respectively. Since the margin
was less than one for Task 5 B050R analysis for the theoretical
buckling strength was made, which yielded a capacity margin factor of .

1.96, as reported in Table 3.9. '

figure 3.16 shows the change in the capacity margin factor with the <

increase in Ag for meridional buckling in Task 3, the case where margin
3factor is the smallest. It can be seen that the margin reducts quite i

slowly after Ag = 0.45g, showing non-critical nature of this limit state
even if AH is increased beyond 0.60g.

In the circumferential direction use of Code Case buckling strength and L

the modified knockdown factor gave the capacity margins of 1.37, 0.84,
and 0.68 for Tasks 3, 4, and 5, respectively. The 80SOR analysis
yielded higher theoretical buckling strength values which resulted in
capacity margin factors of 1.74 and 1.45 for Tasks 4 and 5, respect-
tvely, as reported in Table 3.9. The lower margin in Task 5 is due to a :
high compressive stress produced due to thernal effect, as shown in
Table 3.2.

f

3.4.2 Tensile failure of Steel Containment Shell !

This limit state was evaluated by calculating maximum strain determined
from the time history analysis. During the time history, yielding !

occurs both in the containment beams and in the beams which represent
the biological shield wall. Yielding in the biological shield wall
reduced calculated plastic strains in the containment beams.

For Task 3 condition yielding occurs only in element 18-23 of Figure 3.7 ;
which represents the zone just above the dyrwell embedment. For Tasks 4 '

and 5 yielding occurs in element 34-41 of Figure 3.7 which corresponds
to the knuckle area of the drywell. This difference in the behavior
under Task 3 and Tasks 4 and 5 is a result of the changes in the yield '

moment capacities of these elements in the three tasks, see for example
Figures 3.8 and 3.9. In Tasks 4 and 5 no yielding in the element near
the embedment occurred. The calculated margin factors are 6.60, 9.91,
and 8.85 for Tasks 3, 4 and 5, respectively. The reason for higher
margin in Tasks 4 and 5 than in Task 3 is that different zones of the,

[ drywell shell are yielding in these tasks.

I for element 34-41, which is the yielding element in Tasks 4 and 5 the
'

reduction in yield moment from Task 4 to Task 5 condition is about 31%.
The associated margin f actors in Table 3.9 are 9.91 for Task 4 and 8.85
for Task 5. Therefore, the fluctuation in the seismic response is such
that a significant reduction in yield moment is accompanied with only a
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minor reduction in the margin f actor. This observation is well known
1from the study of elasto plastic and associated elastic systems in iseismic analysis, i.e., it is not unusual to find the elasto-plastic |spring distortions to be comparable to that of the associated elastic '

system. This observation leads to the conclusion that the failure due
to the membrane yielding of containment under seismic load is not a ;
likely event.

;

Figure 3.17 shows the change in the capacity margin factor with increase !

in Ag for Task 3 condition when yielding occurs in element 18-23 of the i

seismic model. A smooth variation in the margin shows the non-critical '

nature of this limit state even beyond Ag = 0.60g. !

3.4.3 Tensile Failure of Containment Shell at Beam Seats i

!

This limit state refers to the occurrence of yielding in the drywell
shell due to the superimposed local effects produced by beam seats. The i
localized effects of beam seats were evaluated using CBI programs E0854
and E0857.

.

CBI Program E0854 considers the stiffened region of the shell at the :
upper beam seats as a ring girder and evaluates the effect of seismic- ;

ally increased beam reaction loads on this girder.

CBI Program E0857 consists of an analysis of a spherical shell subjected
Ito a local radial and tangential load. The locally stressed portion of

the shell is analyzed in accordance with procedures described in Welding
Research Council Bulletin Number 107, Reference 3.2. This analysis ;
evaluates the effect of seismically increased beam reactions as well as ,

the initial stress states in the shell. !

.

In both programs, i11tial shell stresses and additional vertical seismic |
beam seat loads are included as input. The vertical seismic beam seat ;

loads incorporate the peak vertical acceleration from the response '

spectrum curve at the elevation closest to the beam seat elevation, it

should be noted tiat the choice of peak spectral acceleration in lieu of
'a detailed beam frequency calculations, and then calculation of beam

reactions on the beam seats by using this peak spectral acceleration '

introduces a conservatism to the analysis.

The capacity margin factors for this limit state were calculated by ;

comparing the material yield stress to the calculated stress intensity. !

The capacity margin factors given in Table 3.9 show that yielding does .

not occur in Tasks 3 and 4 at either of the beam seats. Local yielding
does occur for Task 5 condition at Ag = 0.55g at the upper beam seats,
and at Ag = 0.49 g at the lower beam seats.

Considering the fact that the failure criterion for this limit state is
based on initiation of yielding, and the discussion given in Section -

3.4.2 for yielding under seismic loading, the realization of this limit
state is not considered critical for containment integrity.

3-8



-
i

(
,

1

i

figures 3.18 and 3.19 show the capacity margin curves at upper and lower ;

beam seats, respectively for Task 5 loading. ;

3.4.4 Failure of Pretensioned Bolted Connections !

The drywc11 head is bolted with 72-2 1/2" diameter SA 193-B7 bolts. For !
the evaluation under this limit state, the bolt preload was based on i

100% of ASME bolt allowable stress, which is 25 ksi. A 10% reduction I

for torque relaxation was then applied. For Task 3 condition, since no
flange separation occurs, shear capacity is provided by friction between
flanges, plus tongue and groove engagement. The tongue and groove
engagement was based on a predetermined arc length using relations for
contacting cylinders. A friction coefficient of 0.4 between mating
faces of flange was assumed. This is based on steel to steel contact
and grease-free in air condition (Reference 3.4). For seismic loading,
the zero-period acceleration values of node point 46 (elevation 659'-6"O ,

in Figure 3.7) were used. For Tasks 4 and 5. flange separation occurs,
due to pressure, therefore the calculated margins are smaller than Task
3. The margin curve for Task 5 condition is shown in Figure 3.20. Note
that as AH is increased from 0.45 to 0.609, the margin f ar. tor drops only
from 1.98 to 1.71, showing the relative insensitivity of this margin to j

increases in A .g

The margin factors for the 12' diameter pressure-seated equipment hatch
are based on 20-1 1/4" diameter bolts with assumed preload of 75% of
ASME allowables. The margin factors for the 13' diameter pressure-
unseated equipment hatch are based on 36-1 3/4" diameter bolts and -

assumed preload equal to 100% of ASME allowables. Other aspects of
evaluation are the same as that for the drywell head.

Although not listed in Table 3.9. the manway covers of the suppression
chamber were evaluated and found to have conse.vative margin even for AH
values higher than 0.6g for all tasks.

3.4.5 Failure of Containment Shell at Penetrations
,

This limit state refers to the tensile failure of containment vessel at
penetrations. The capacity margins were evaluated by dividing the mid-
thickness and surface strain limits of 0.02 and 0.06, respectively, by ,

the calculated strains determined from a generic evaluation of the shell ,

response at the nozzle for an imposed displacement along the nozzle.

The generic evaluation was done by considering a typical penetration
geometry and analyzing the penetration using ADINA computer program NO.
E1824 installed at CBl. Figure 3.21 shows the penetration and local
shell thicknesses considered. Figure 3.22 snows the finite element
model of this nozzle which has been analyzed. In figure 3.22, a
concentrated force is applied at point a. the end of the nozzle.

|- Soundary points a and b move together and their common displacement is
traced through the static incremental analysis. The boundary points c
of the sphere are permitted to move only normal to the surf ace of the
sphere. The only effect of temperature considered in the analysis is
the reduction in yield stress and modulus of elasticity. Table 3.4

|
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lists the values of these parameters used in the analysis for Tasks 3, t

4 and 5.
!,,

The penetration / containment shell model was loaded with the appropriate
, pressure for Tasks 3, 4, and 5 and an incremental seismic loading. ;
' Figures 3.23, 3.24, and 3.25 show the plots for surface and mid-

i

thickness strains as function of displacement of node point a in Figure
3.22 for Tasks 3, 4, and 5, respectively. Since outward movement of
sphere more than 2 inches brings the drywell and concrete into contact,
these figures show that for the outward movements, limits of 0.02 for i

membrane strain and 0.06 for surface strain will not be exceeded. ,

Margin factors given in Table 3.9, were evaluated from the inward t

movements of the shell shown in figures 3.23 - 3.25 using a conservative
value for horizontal seismic displacement. This displacement is the
maximum relative displacement of node point 46 in Figure 3.7 relative to '

the basemat node 11. For Ag = 0.6g the value of displacement used is
2.38 inches. Tha margin evaluation assumes that all the relative
displacement will be absorbed in the local deformation of the shell. "

Even this conservative evaluation shows margin factors from 2.1 to 4.0
for this limit state.

3.4.6 Failure of Suppression Chamber Supports

Because of the pool dynamic loads, tM support system for the guppres- f

sion chamber was modified from a column support system to a 180 saddle
support system which adds significant stability to the suppression i

chamber. The suppression chamber was analyzed as a horizontal vessel
supported on saddle type supports using the methods described in
Reference 3.3. This technique is an industry accepted standard for the
assessment of stresses in a cylindrical vessel supported on saddles for
various loading conditions and stiffening systems.

The total saddle load, Q. used in the analysis of the saddle support
system was determined by summing the dead load, water load, live load, '

horizontal and vertical earthquake loads, the vent thrust due to
pressure and the vent thrust due to temperature loads. The horizontal '

seismic shear load was absorbed in the suppression chamber seismic ties
whereas, the horizontal seismic overturning moment was resolved into a ;

system of vertical saddle loads times their distance to the neutral
axis. All vertical loads were divided by the number of saddles to ,

obtain the load per saddle.

The effect of the radial thermal gradient in the saddle was not readily
available from this analysis. The portion of the saddle immediately ;

i adjacent to the torus shell was assumed to be at the same temperature as !

the torus shell. This temperature was assumed to extend far enough into
the saddle to eliminate any restraining effect of the saddle on the
saddle ring girders. A detailed heat transfer and thermal analysis was
not performed.

,

|
; The capacity margin factors for this limit state were calculated by i
' comparing the material yield stress to the calculated stresses at |

!
|

3-10
.

.

. ._.



,

;

i

support locations. Because of this elastic consideration, this
evaluation is considered conservative. !

The minimum calculated capacity margin for Ap = in Table 3.9..60g at point A, as ,

shown in Figure 3.4, is 1.45 for Task 5, as given Figure
3.26 shows the capacity margin curve for Task 5 condition. The margin
factor reduces from 1.59 to 1.46 as the Ag increases from 0.45g to
0.60g. The absence of any known phenomenon to produce a sharp drop in i

'

the margin curve in the neighborhood of Ag =itive to the increase in A0.60g leads us to concludethat this limit state is relatively insens H
value.

3.4.7 Failure of Biological Shield Wall

The biological shield wall in Fermi is not pcrt of the containment
pressure boundary, therefore its failure is not considered a direct

:

limit state. However, failure of the biological shield wall could
introduce additional mass and seismic forces on the steel drywell, which .

may indirectly affect the drywell structural integrity. A detailed
evaluation of the effects of biological shield wall failure on the
drywell integrity is beyond the scope of this study, however, the
failure of biological shield wall itself is identified as an indirect :

limit state.

The critical element for biological shield wall evaluation is judged to i

be the element from node 22 to node 30 in Figure 3.7. Review of plan
drawings shows that above elevation 614'-4" in Figure 3.7, the seismic
lateral forces are shared between the biological shield wall and another
shear wall in the reactor building. In the time history analysis,
yielding occurred in the vertical beam representing the shield wall in
the seismic model at element 22-30.

!

The biological shield wall failure was evaluated on an overall basis !

using provisions of ACI-318-83, Section A.7. In applying the provisions ;
of the ACI code the equivalent length of the shield wall, which is ,

physically circular, needs to be hypothesized in the evaluation. Figure
3.27 shows the idealization of the region of the shield wall that has
been treated as shear wall. More than 80% of a total horizontal shear !

would be carried by the central portion shown in Figure 3.27, if a
sinusoidal distribution of tangential shear is assumed on the circum-

'ference. For this reason the central portion in the figure was used to
define the equivalent shear walls, in this evaluation the tension and
compression caused by the concurrently acting orthogonal horizontal
component were also considered. The seismic capacity calculated using i

this approach is Ag = 0.399

The biological shield wall could also be evaluated using provisions of
ACI Sections 11.10 (Special Provisions for Walls) and 11.7 (Shear e

Friction). The capacities determined from the application of Section
| 11.10 was also 0.399; Section 11.7 yielded a capacity of 0.319 Since

shear friction concept assumes a fully and horizontally cracked section,
,

it is our judgment that provisions of Section A.7 are more applicable.I

For this reason Table 3.10 lists the capacity of this limit state as
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0.39g. It should be noted that this margin remains the same in Tasks 3, !3 O 4, and 5, since the shield wall is not subjected to pressure and
temperature loads.

'

3.4.8 Failure of Basemat Due to Shear or Moment
;

These two limit states are indirect because the basemat is not part of
the containment pressure boundary. However, since suppression chamber
supports are connected to the basemat, a major failure in the basemat
could introduce differential motion into the suppression chamber ;

supports. A aetailed evaluation of this phenomenon is beyond the scope
of this study, however, failure of basemat itself has been evaluated as'

-

indirect limit state.
'

To evaluate the casemat, a quasi-static finite element analysis using
the ADINA program was performed. The finite element model was used to
represent the basemat, circular pedestal, and orthogonal and diagonal '

walls between the first floor at elevation 583'-6" and the basemat. ,

Four- noded elastic shell elements were used to model the mat and the
walls. The circular pedestal and the mat directly below it were treated
as rigid. The finite element model also included one-way vertical :
foundation springs. '

The dead load, followed by tension and compression forces resulting from
peak values of bending moment and axial force calculated in elements 21-
16 (reactor building) and 11-18 (circular pedestal) of seismic model in

,Figure 3.7 were applied to the finite element model., '

Figures 3.28 and 3.29 show the critical sections and associated capa- !

cities in terms of Ag determined through this finite element analysis. :
The capacities are determined on the basis of average moment and average '

transverse shear forces. The lengths over which averaging was done are
also shown in these figures. The minimum capacity thus determined for

.

!
rebar strain exceeding 10 e is A = 0.2?g. For transverse shear
capacity, the corresponding v/lue is y = 0.26 .9 :

As discussed in Section 3.3.2, basemat uplif t is expected to occur for i

values of AH higher than 0.45g. The finite element studies discussed in ithis Section confirmed that when basemat uplift occurs, the maximum mat
moment and shears still occur in the part of the mat which is in contact
with the rock. Since large differential movements are not expected to
be introduced into suppression chamber supports prior to the occurrence '

of any uplift, the capacities reported for both of these limit states in

Table 3.10 are AH = 0.45g.
,

3.4.9 Bearing Failure of Foundation
'

The value of ultimate oearing capacity, based on design information,
equals 300 ksf. The peak vertical force resulting from maximum load
during the earthquake time history divided by the minimum contact area, '

is used to determine the average foundation pressure. The calculated
margin in Table 3.9 for this limit state is 3.9 for Tasks 3, 4, and 5.
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3.5 Conclusions
|

The following conclusions are drawn from the results discussed for fermi i
containment in this chapter: |

l
1. The evaluations performed for the biological shield wall and the |

basemat show that these structural elements could become governing |
for the seismic capacity of fermi containment. The minimum capacity i

is A 0.399 associated with the failure of biological shield
wall.g =It is strongly felt that further evaluations of these two |

'

items using quasi-static finite element analysis with material non- !linearity could improve the reported capacities. '

i

2. It should be noted that a capacity of 0.39g, calculated using time I
history consistent with Regulatory Guide 1.60 spectra, is over five |
times greater than the design safe shutdown earthquake of fermi, i
which is 0.15g using Housner spectrum. This conclusion is based on
ihe comparison of 0.15g Fermi SSE with seismic capacity of 0.39g and :

the fact that Regulatory Guide spectral accelerations at fermi ;

containment frequencies are about twice in comparison to the Housner !

spectrum, see figure 2.2 and frequencies in Table 3.7.

3. Of the six direct limit states evaluated for fermi containment, the
tensile failure of the drywell shell and the failure of the shell at !

penetrations are not considered critical in view of high calculated ;

margins at AH = 0.60g, and the absence of any known phenomenon to !

produce a sharp drop in the margin in the vicinity of Ag = 0.609 !Because of the approximate manner in which the effect of biaxial
stress condition is considered in the drywell evaluation for yield-
ing, a confirmatbry elastic-plastic shell analysis under quasi- |,

static seismic loading may be appropriate to verify the conclusion |
of this report for this limit state. '

Of the four remaining direct limit states, the failure at beam seats {
and the failure of suppression chamber supports are also considered ,

as not critical based on the conservative evaluation criteria :
employing initiation of yiciding. It is our judgment that if a
strain criterion in the nonlinear range is used, the capacities in
these limit states would be much higher, as demonstrated by the
behavior of the steel shell evaluated for the tensile failure
condition and reported in the paragraph above.

|
The direct limit states associated with the shell buckling and the i

bolted connection failure for the drywell head are considered as
controlling limit states for seismic capacity of the fermi contain- ,

I ment. It should be noted, however, that the reported margin factor ,

of 1.22 against meridional buckling for Task 3 condition could be!- '

improved by a more detailed 80SOR analysis, as demonstrated by the
| improvement obtained, for example, for Task 5 condition. As far as
| the drywell head is concerned, the factor of safety of 1.7 at AH"

0.60g is considered comfortable, especially in view of the smooth|

margin curve shown in Figure 3.25. .

| 3-13
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! 4 The increased pressure and temperature values, caused by severe
accident, decrease the margins in some limit states, e.g., tensile ;

failure at beam seats and bolted connection failure at drywell head i,

and pressure-unseated equipment hatch. However, since these limit
states are not found to be critical, it can be concluded that the
minimum seismic capacity of fermi containment is not influenced by !

; increases in pressure and temperature. |

|

S. Time history analysis shows that uplif ting of foundation starts to I
p occur at about Ag 0.45g. This nonlinearity significantly=

increases the responses in the high frequency region of horizontel |
and vertical response spectra. This effect, which is attributed to I

the hard impact condition between the basemat and rock foundation, I
occurs for frequencies higher than 8 Hz for horizontal spectra and i

for frequencies higher than 16 Hz for vertical spectra. The '

structural responses in the containment shell are somewhat reduced |
due to the basemat uplif t; the response of basemat, however, is !

sensitive to the initiation of uplift.
;

6. The effect of initial main shock, upto a level of AH = 0.60g, on the
subsequent seismic capacity of fermi containment appears to be
minimal. This effect is accounted for by reducing the ductility !
limit of the drywell shell by the amount of maximum plastic strain ;

caused by the initial shock. However, as discussed in Section
3.4.2, the element which is critical in Tasks 4 and 5, i.e., the ;

element near the knuckle area, does not yield in Task 3. Thus, !
there is no depletion in its ductility limit due to the initial
shock.
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i- Table 3.1

[ Stresses Due To Pressure and Temperature (Task 4)

0(DesignBasisAccidentCondition-56psig,281F)
!

Node Elevation Meridional Circumferential
Point (Ft.) Stress (psi) Stress (psi)r
In Fig. 3.6

i
l'

1 627.9 2269 9438

2 624.8 2785 16636
;

3 623.3 3974 13977

4 622.3 13056 13056

5 606.0 13056 13056

6 587.6 13056 11056

7 582.2 7616 7616

8 576.5 7624 7949

9 572.1 8183 -15330 .

t
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i
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|
;
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!
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|Table 3.2>

Stresses Due To Pressure and Temper,ature (Task 5) *
-

u

(Py = 74 psig. Ty = 550 F),

i

Node Elevation Meridional Circumferential I
,: . Point (ft.) Stress (psi) Stress (psi) )
; in Fig. 3.6 |,

!
1 627.9 2987 13960 !

i

2 624.8 3793 21070 j
3 623.3 4750 17680 :

I

4 622.3 17300 15840 |
[

5 606.0 17180 17190 i
:

6 587.6 17100 15730 f
.

7 582.2 10020 10060 !
!

8 576.5 9980 10487 [
:

9 572.1 10720 -25966 i

.!

!

'!
i
i

!
l

!

!
:, .

'

i

'
-

-

l. :
! :
t. ,

I
'

:

; .

'
:

,

;

i

,
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L Table 3.3
t -:' Total Foundation Spring and Dashpot Constants

s.

L AH
K CH CyKH V

p (g) (KIP /FT.) (KIP /FT.) (KIP EC.) (K!P EC.).

,

r

.

All Values 3.53 x 10'- 3.88 x 10' 5.3 x 10 8.6 x 1055

I

Note: Individual spring and dashpot constants in Figure 3.7 were
obtained using the total values and the applicable tributary area
for each element.

.

.

!

-

.

L

|
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_ Table 3.4 I
'

Values of Yield Stress and Modulus of Elasticity For Drywell Shell
|,

!
L . Temperature Yield Stress Modulus of Elasticity ?

Igik (W) (ksi) (ksi) :[ <

!

! 3 150 36.4 29.100 !
!

4 281 33.9 28.400 |
'

5 $50 29.4 27.000 |
,I,

,
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t
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Table 3.5

Values of.a, o,and ch Used in Construction of M-9 Diagrams

F.

I Zone o
Tas(ksi) oIas(ksi)k4 Task 5 Task 3 k4 Task 5

! Elevation,(ft.) a Task 3

i 1
'' (Drywellfloor,

572.0to583.5) -0,87 0 8.18 10.72 0 3.65 0.84

i

2

(583.5to598.0) -1.14- 0 7.62 10.02 0 7.62 10.06

3

L (598.0to614.3) -1.20 0 13.06 17.18 0- 13.06 17.19

4

(614.3to622.3) -0.83 0 13.06 17.30 0 13.06 15.84
;.

5

(622.3to627.9) +8.29 0 3.01 3.84 0 13.35 17.57

i

-

ratio of hoop to meridional stress due to seismic loada =

o , oh = meridional and hoop stress, respectivelym

I. ?

!

:

|
r !

| I

!
:

[
4

|

|
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Table 3.6
i :

Values Of Effective Yield Stress Used in Constructing N-p Diagram

Zone and fy (ksi) f'(ksi)
' Elevation (ft.).

Task 3 lask 4 Task 5 Task 3 Task 4 Task 5
u, <

(Drywell floor)'
-

572.0 to 583.5 19.5 15.7 10.4 -19.5 -20.6 -21.0<

i
2 1

'583.5 to 598.0 17.0 17.5 13.7 -17.0 -16.4 -13.7 !

'l
3 !

598.0 to 614.3 16.5 15.4 12.2 -16.5 -15.4 -10.2 |
:
i

4 !614.3 to 622.3 19.9 18.5 12.1 -19.9 -18.5 -16.3 !

5 i
622.3 to 627.9 4.39 2.48 1.43 -4.39 -5.7 -5.66 [

:;

!
t.

fy, fy = yield stress values for tension and comparison, respectively
i
}

e

i.

I

:
,

!

;
;

!

t

I
:
!

,

>

3-20 ,

,

,,,..n . . - , _ _ . _ . . - -- +



- _ _ _ .. . _ _ _ _ _ _ - _ . . _ . . - . _ - - _ . . _ - _ _ - _ _ - _ _ _ _ _ _ _ . _

f.:
'

m. - 4
,

,

p;t .. t,

,i , '!-

R .

;

9

' ';
.. ,

i
,

: ,

Table 3.7

I' Modal Frequences Fct fermi Seismic Model i
' ;

Y. t
l' !

/ Frequency (eps) !

j, Mode.. F1xed With Foundstion. ;
E Number Bese Springs >

n .;-

,

i i

. j;;, 1 2.97 2.60
.-

i 2 9.04 7.84 !-

s. - ;

l.

|L< 3 10.6 8.56-

4 10.8 10.7 i
;

5 13.6 13.3 tc. e

6 16.8 14.9
e

i

', . &,
7

f
*

-

!
!.

j'.
t
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.

|Effect Of Uplift On Base Shear and Moment
for an Elastic Drywell-Model, Ag = 0.60g

t-
, ,

!
. 1

>

[ Parameter- With Uplift Without Uplift i

p| , V(kips) 6960 7680 |

, .

|
v

i.
.

t
!' j

- M(k-ft) 506.000 557,000 |
p. - |
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Table 3.9 |

Capacity Margin factors for fermi Containment at AH = 0.60g !'

(Except As Noted) '

(DirectLimitStates) i

(SeeNote1) i
>

Code * Description Criterion Tasks I

3 3 5

'

5 Buckling of Steel i
Containment Shell ,

4

a. Meridional Buckling fer(m)/f 1.22 1.46 1.9 6* * I

b. Circumferential fer(c)/f 1.37 1.74** 1.45** i

Buckling ;

4 Tensile Failure 0.02/c 6.60 9.91 8.85
iof Steel Containment

Shell

11 Tensile Failure of
Containment Shell at :
Beam Seats :

I
a. Upper y 1.42 1.16 1.0 at Ag

Stress = 0.55g
'

Intensity I

b. Lower 1.42 1.26 1.0 at AH i
= 0.49g t

i

9 Failure of Pretensioned ;

Bolted Connection at

a. Drywell Head >10 2.0 1.71 |
!

b. 12'9 Equip. Hatch Shear Cap. !

(Pressure seated) Max. Shear 7.0 >10 >10 |
:
'

i c. 13'9 Equip. Hatch >10 5.9 3.1
(Pressureunseated) |

' 4 Failure of Containment 0.02/c, 2.1 4.0 4.0
Shell at Penetration 0.06/ctotal 2.5 4.0 3.5 ;

12 Failure of Suppression f /f 2.22 1.58 1.45 |'

y !Chamber Supports

Refers to limit state identification number in Table 1.2. |*

** These values were determined using 80SOR analysis, other margin 4

factors for buckling were determined using modified Code Case N-284,
See Section 3.4.1 for further discussion. ;
(Note 1 of next page)

;

.
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Table 3.9 (Cont'd.) !

Note 1: It should be noted that the capacity margin factors reported !in this table are based on the expressions shown under the il' criterion' column of this table. Since ultimate capacity !,'

evaluation of the containment involves nonlinear
considerations,and since seismic load is only part of the !
total load on the containment, the margin factors do not imply. !

that an Ag = for example, for the second item in this table,0.60g x Factor is the seismic capacity of the|containment,
!the capacity margin for Task 3 is reported as 6.6. This does |not. mean that the tensile failure of containment, i.e. , 2% ,

strain in the shell, will occur at AH = 0.609 x 6.6 = 3.96g;
idue to nonlinear behavior it may occur sooner or later than ;

that. For- further understanding of the behavior of ;

containment, margin curves provided should be considered. ;

!
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I Table 3.10 t

'

. t

I Capacity Margin factors for fermi Containment at AH = 0.6g ;

i (Except As Noted) !

(IndirectLimitStates) !

(SeeNote1) '

Code * Description Criterion Tasks
'

2 $ 5 ;
,
. .

,
16 Failure of Shear strength per 1.0 1.0 1.0 !

Biological ACI 318 Section A7.3 at at. at ;

',
'

Shield Wall Lateral shear force Ag = 0.399 AH = 0.39g Ag = 0.399 |

1 i
'

;
i

2 Failure of 10c 1.0 1.0 1.0
Y at at at iReinforcing -

.2fter uplift*
Ag = 0.45g Ag = 0.45g AH = 0.459 .;Bars in

Basemat i

6 Transverse Equiv, beam 1.0 1.0 1.0 f
Shear Failure shear cap. at at at ,

in Basemat Max. beam Ag = 0.45g Ag = 0.45g AH = 0.45g I

shear after {
uplift :

:

i

13 Bearing Ult. bearing 3.9 3.9 3.9 :
Failure of capacity '

Foundation Peak average fpressure
;

I
. * Refers to limit state identification number in Table 1.2 :

;

Note 1: A comment similar to Note 1 of Table 3.9 applies to this ;
table also, j

I
a

[i

L |
; i

:'

t

i
i

i

i
:
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'!VP OF HEAD TM
1.5ELEV. = 67 7.9 '
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!

4. EVALUATION OF CLINTON CONTAINMENT ;

4.1 Description of Clinton Containment Building (,

Figure 4.1 shows a general arrangement plan of major structures at .

C1d nton Power Station. The structures included in the seismic model
include the containment building, auxiliary / fuel building and control /
diesel generator building. The buildings and the direction considered
for horizontal seismic excitation are indicated on Figure 4.1. The
orientation chosen for analysis is along the shorter plan dimension to
maximize the potential for uplift. Turbine and radwaste buildings were '

not included in the seismic model to economize the analysis; their
exclusion does not significantly affect the containment seismic
responses. i

,

The Clinton Power Station structures are founded on a well compact 2d, '

granular structural fill underlain by competent 1111noian and Pre- '

1111noian glacial till deposits. A section through the foundation is
shown in Figure 4.2.

A section through the containment building is shown in Figure 4.3. The
containment consists of a right circular cylinder with a hemispherical :
domed roof and a flat basemat. It is constructed of reinforced concrete ,

and is completely lined on the inside with 1/4-inch stainless steel [
plate below elevation 735 feet and with carbon steel plate of at least
1/4-inch thickness above elevation 735 feet. !

'

The principal dimensions of the containment are:

a. Height above top of basemat: 215 feet;

b. Inside diameter: 124 feet; [

c. Cylinder wall thickness: 3 feet;

d. Doma thickness: 2 feet 6 inches; and f

e. Mat thickness: 9 feet 8 inches.

The containment structure supports the polar crane, gallerir.s, and the
access ramp to the refueling floor. The lower section of the contain-
ment acts as the outer boundary of the suppression pool. Two double-
door personnel locks, one located at the refueling floor E1. 803'-3" and

'1

the other located at the grade floor. E1. 712'-0", permit access to the
containment. An equipment hatch is located at the grade floor. The
equipment hatch is sealed during normal operation, or at other times -

when primary containment is required.

The containment wall is reinforced in the hoop, diagonal and meridional ,

directions. Wall reinforcement is deflected around small penetration
sleeves to account for localized stress concentrations. The wall around
the equipment hatch and personnel locks is thickened to 6 feet, and
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additional reinforcement is provided. Tangential and transverse shear
reinforcements are provided where necessary.

The dome is reinforced in two directions. Orthogonal grid type rein-
forcement is provided within a radius of 45 feet from the apex of the
done. The remaining portion of the dome is reinforced in the hoop and
meridional directions.

The containment basemat is continuous with the adjacent auxiliary and
fuel building basemats and is reinforced at top and bottom with rein-
forcing steel.

The major internal structures of the containment include the drywell
structure, reactor shield wall, and reactor pedestal. The drywell is a
cylindrical reinforced concrete structure which surrounds the reactor
pressure vessel and its support structure,

The inside diameter of the drywell cylinder is 69 feet, and the wall
thickness is 5 feet. The top of the drywell consists of t. flat annular
slab 6 feet thick at elevation 803 feet 3 inches. The drywell wall is !

rigidly attached to the basemat at elevation 712 feet. A steel head !

which can be removed to allow access to the reactor is located over the I

opening in the annular slab.

The reactor shield wall is an open-ended cylindrical shell E feet thick
,

placed around the reactor pressure vessel. The primary function of the
shield wall is to act as a radiation and heat barrier between the ;

reactor pressure vessel and the drywell wall. |

The shield wall consists of two concentric steel c.ylindrical shells, I

stiffened with radially placed diaphragms and filled with concrete in t

between the two shells. It is supported on top of the reactor pedestal
ring girder.

The reactor pedestal supports thc reactor pressure vessel (RPV) and i
reactor shield wall. The pedestal shell is a steel structure consisting '

of two concentric cylindrical shells connected by radially placed steel
diaphragms for the entire height of the cylinders. The top of the +

pedestal consists of a ring girder to which the reactor shield wall is |

welded. The RPV base is anchored to the ring girder by pretensioned !
bolts which are designed to carry the loads through friction. To
increase the stability of the structure, the annulus between the steel
cylinders is filled with concrete. The concrete is not considered to I

act compositely with the steel plates.
,

The base of the pedestal is welded to embedded plates anchored in the
sump floor with reinforcing bars attached to the plates.

4.2 Analysis of Containment for Gravity. Pressure. and Temperature
Loads

A nonlinear laminated shell finite element model is used to determine
the state of stress and strain in the containment and basemat under

,
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gravity loads combined with internal pressure and temperature. Computer
program DYNAX is used for this analysis. The containment and the f
basemat are divided into 57 thin shell finite elements, as shown in

,

figure 4.4. Each element is represented by multiple concrete and steel !

layers as shown in Figure 4.5. The concrete is divided into a number of :
layers and the reinforcing steel and the liner are included as separate i

layers placed at their actual positions in the section. The reinforcing !

steel layer thickness is determined by smearing the rebar area into an '

'

equivalent continuous layer, effective only in 4e direction of the
rebars. Each layer is assumed to be in a state . plane stress. The

,

layering of the elements allows the program t , ace the extent of ;

concrete cracking and the state of stress and strain in the liner and |
rebars as the structural system is incrementally loaded.

,

|

Thesoilisrepresentedbyaseriesofcontinuousspringssupportingthe |
basemat. The spring constant used is 518 K/f t which is based on
elastic soil deformation. Note thst this spring constant is different
from those applicable to seismic analysis which are presented in Section
4.3. j

i

Table 4.1 summarizes the material properties used for rebars, liner, and
!concrete as a function of temperature.

Results of the analysis for gravity loads comb
(15 PSIG) and temperature (185[ned with the designaccident pressure F) are summarized in '

Table 4.2. Inthesefiniteelementanalysesthedesigntemperaturewgs r

assumed to exist at the inside face of the containment wall, a 70 F
temperature was assumed to exist at the outside face of the wall, and a '!
linear gradient through the wall was used. Along the height of the
containment wall no temperature variation was used. :

Analysis using the above finite element model and a temperature value of
0400 F at various pressures indicated that the hoop rebar yielding is 1

1mminent at pressure of 45 psig. On this basis, the Task 5 pressure was '

selected as Py = 45 psig. Results for this case are summarized in Table
4.3. [.

Task 6 pressure and temperature values are 30 psig and 300 F, which are f
0

the average of Tasks 4 and 5. Results for this case are summarized in '

Table 4.4.

4.3 Seismic Analysis |

L 4.3.1 Overall Seismic Model

Figure 4.6 shows the.overall seismic model used for the Clinton contain- L

ment analysis. The details of constructing this model are discussed in
Section 2.1.4. The additional information specific to this model is
provided in this section. !

The properties of the foundation soil are given in Table 4.5. The i

spring constant and dashpot values were obtained using the procedure
,
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described in Section 2.1.2. These values for various ground acceler-
.ation levels are shown in Table 4.6. ,

The con: rete compressive strength, f ', used in the Clinton analysis is !e
4680 psi, which includes an increase of 17% for aging. The yield
stresses of the reinforcing bars and the liner are 60 ksi and 32 ksi, ,

respectively. All these material properties are based on the minimum
specified values, and therfore are considered conservative, since actual

iproperties are usually somewhat higher than the minimum specified; see
Section 8.3. '

figure 4.7 shows the M-9 diagrams used for the containment beam element
33-24 of Figure 4.6 for Tasks 3 through 5. Similar information was
obtained and used for other containment elements.

In the evaluation of the tensile limit force of the vertical soil !

springs, Ft1, shown in Figure 2.11, a minimal adhesion of 1 psi between
the basemat and soil was assumed.

'

For the time history analysis at Ag = 0.25g, which represents Clinton
SSE level, the effect of cracking in the concrete element properties was
not considered in order to be consistent with the original design basis,
and therefore to benchmark the calculations. For higher acceleration
levels the effect of cracking has been considered as described in '

Section 2.1.4.

4.3.2 Seismic Analysis Results *

1

Figures 4.8 and 4.9 show the vertical displacement time histories at the
ends of the basemat, i.e., nodes 38 and 64 in Figure 4.6, for AH = 1.09

,

Since the displacement remains negative at all times (indicating that
.

the seismic displacement is less than settlement due to dead load),
these time histories show that because of the large size of the basemat '

no uplift occurs up to this acceleration level.
t

Figures 4.10 and 4.11 show the comparison of horizontal response speccra '

at the basemat and the input ground spectra in the free field at AH*0.45g and 1.09 The significant effect of soil-structure interaction is
evident from this comparison. Due to sof tening of the soil at higher
strains, the high frequency input is attenuated due to soil-structure
interaction. As the level of ground shaking increases, the softening of
soil also increases, and this attenuation becomes even more significant.
Similar comparison for vertical shaking is shown in Figures 4.12 and ,

4.13, from which the same conclusions as for the horizontal shaking can
be made.

,

figures 4.14 through 4.16 show the horizontal response spectra for node
point 4 on the containment model of Figure 4.6, at elevation 832 feet,
i.e.,120 feet above the basemat, for Ay values of 0.25g, 0.759, and
1.0g. To illustrate the amplification effects, the ground spectra are '

also shown on these figures.
1

,

l
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The two notable features of the response spectra are the effects of I

concrete cracking and soil non-linearity. Comparison of horizontal
0.25g (Figure 4.14) and Ag = 0.75g (Figure

response spectra at Ag = t shif t in the frequency of the peak response
,
'

4.15) shows the significan
due to the effect of concrete cracking in the containment. A comparison
of the horizontal peak spectral accelerations at Ag = 0.75g (Figure
4.15) and Ay = 1.09 (Figure 4.16) shows that the peak magnitude does not 1

f 9 crease linearly with the increase in Ag due to the effect of soil
nonlinearity. -

Figure 4.17 shows a comparison of the vertical response spectrum at the .

I1.0g. As can be seen,
node point 4 with the basemat spectrum at Ag =t shelldue to very high stiffness of the containmen in the vertical
direction, structural amplification is limited to high frequencies, j

4.4 Capacity Margin factors ;

The capacity margin factors for each limit state were defined in the
same manner as in Equation (2.15). These margins for Clinton contain-
ment are listed in Tables 4.7 and 4.8. Table 4.7 contains margins for
limit states which are directly related to the containment pressure
boundary. Table 4.8 lists the margins for those limit states whose
realization may indirectly affect the containment performance; integrity
of the containment beyond these limit states cannot be determined within
the scope of this study.

Tables 4.7 and 4.8 list the direct and indirect limit states, respect-
ively, in their decreasing order of criticality. The calculated margin
f actors are used, with engineering judgment, to arrive at this rank
ordering. Further comments on the relative criticality of various limit
states are included in Section 4.5.

The margins listed in Tables 4.7 and 4.8 have been calculated for the Ag
= 1.0g, unless the capacity in a limit state was reached prior to Ag=
1.0g. Tables 4.7 and 4.8 also contain a statement of the failure !

criteria used for the evaluation of the margins. These criteria are the
same as stated in Table 2.1 and discussed in Section 2.2. The margin

|
evaluations are made using the peak seismic responses. For shell

; responses the DYNAX model shown in figure 4.18 was used. This model
'

| also includes the drywell and reactor pedestal walls. The vertical soil
l spring constants used are consistent with those used for seismic
i analysis, listed in Table 4.6. The analysis of this model and

processing of data for reinforced concrete elements using computer
program TEMCO were performed as discussed in Section 2.1.6.

4.4.1 Failure of the Reinforcing Bars
!

This limit state was investigated for the reinforcing bars in the
containment wall and basemat. For the containment wall, the critical
section for this limit state occurred in element 12 of Figure 4.18,
i.e., three feet above the basemat. The critical reinforcement is the
outside meridional reinforcement at zero degree azimuth on the tension
side of the containment. The maximum strains are however not localized;
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they extend circumferential1y over at least 30 degrees. As shown in |
Table 4.7, a capacity, based on the strain criterion of 10 cy of A |

1.09 is calculated for Task 5.
g=

|
i

figure 4.20 shows the variation of margin with increases in Ag for !failure of wall reinforcing bar for Task 5 loading condition. As can be !seen from this figure, very high margins at lower Ag values exist for '

this limit state. Even at Ag = 1.0g, the calculated margin from TEMCO
analysis is about seven. However, when the seismic load is slightly
increased beyond AH = 1.09, the section analyzed in TEMC0 cannot take

ithis load. This behavior occurs because in the laminated reinforced I

concrete element, most concrete laminas crack and already yielded rebar
elements cannot pick up the increased tension, causing a sharp drop in

,

the margin. Because of this behavior, the capacity for this limit state
has been reported as Ay = 1.0g in Table 4.7. It should be noted,
however, that TEMCO ana' lysis being an element-level analysis does not

.

provide for the load redistribution in the meridional and circumferen-
tial directions in the containment. Therefore, calculated capacities

1

should be considered somewhat conservative. This conservatism is
demonstrated by a comparison of TEMCO analysis results and three- ,

dimensional ADINA analysis results in Chapter 7. It should also be
noted that similar phenomenon for containment wall rebar capacity was ifound in the Zion containment, after the internal pressure overcomes the

|effect of prestressing. This result is discussed in Section 5.4.1. The
high margins reported for other tasks, in Table 4.7, will also undergo a :
similar sharp drop at some seismic level soon af ter AH = 1.0g. '

Evaluation of the basemat reinforcing bars was performed using the
critical section near the drywell wall, as shown in Figure 4.19.
Although the calculated margins in all tasks are greater than ten, a i
sharp drop is expected to occur in the margins soon af ter an estimated
seismic level of Ag = 1.15g. This behavior is similar to the behavior of i

reinforcing bars in the wall, as explained in the above paragraph. -

4.4.2 Tensile Failure of Liner

Like the reinforcing bar evaluation discussed in the above subsection
:

both the basemat and wall liner sections were evaluated for this limit "

state. The critical sections for the liner are the same as for the
reinforcing bars, discussed in the above subsection. The behavior of '

the liner is also very similar to the reinforcing bar behavior at these
sections, except that a less critical situation exists in Tasks 4, 5,
and 6 for the basemat liner due to temperature-induced compression. The
comments regarding conversative nature of TEMCO analysis, made in the
above subsection for reinforcing bars, are also applicable to the liner
evaluation.

4.4.3 Transverse Shear failure

This limit state was investigated for the basemat and also for the wall
near the basemat junction. The critical section for the basemat shear

I is at element 6 in Figure 4.18, which is located between the drywell
| wall and the containment wall. Figure 4.19 shows the plan of the base-
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mat where the section through which the total transverse shear was !

calculated for use in the margin calculation is identified. The lowest i

margin for basemat in this limit state was calculated as 1.6 at A ;

1.09, for Task 4 condition. The higher margins shown in Table 4.6,H "in L

Tasks 5 and 6, than in Tasks 3 and 4, are because of the significant i

compression provided by the high temperature.
'

For the containment wall, the maximum transverse shear was directly i

obtained from the DYNAX analysis. The lowest margin for the wall in i
'this limit state was calculated to be 1.1 for Task 5. Figure 4.21 shows

the variation in the margin f actor for transverse shear failure in the
wall with increase in Ag for Task 5 condition.

,

4.4.4 Failure of Containment Wall at Penetration
'

The penetration used for this evaluation was the main steam penetration
at E1. 770 f t., about 58' above the basemat. To calculate margin for
this limit state, the penetration pull-out capacity is divided by the
total piping stiffness at the wall to determine a displacement

t
capacity. This displacement capacity is then divided by the maximum -

displacement from seismic plus pressure and temperature analysis to
determine the margin; therefore, using a higher piping stiffness will ,

provide conservative result.

In order to estimate the stiffness of the piping system, several piping
analyses from existing projects were reviewed. The thermal reactions at i

the containment wall, and the thermal movement of the piping in the
i

vicinity of the wall were obtained from this review. From this data, i
'piping system stiffnesses of 10 k/in. to 100 k/in, were computed. A
'

total stiffness of 160 k/in, was used for the margin evaluation at
penetrations to account for both inside and outside stiffnesses. Note
that the stiffness used is about 80% of the maximum of the stiffness ,

determined from the review of piping stress reports; therefore, it is a !

relatively conservative stiffness value. The lowest margin thus
obtained for this limit state is 2.5 for Task 5.

The pull-out capacity used in the evaluation of this limit state was
based on ASME Code provisions. This is considered quite conservative in ,

i view of the test results obtained on the panel testing at Construction '

Technology Lab of Portland Cement Association, Reference 4.1. A
comparison of the pull-out capacity obtained in the test, and the one .

calculated, using ASME Code provisions for the test panel showed that
the test capacity is 2 to 2.5 times greater than the capacity obtained
using Code provisions. This further demonstrates the conservatism
inherent in the evaluation of this limit state.

4.4.5 Failure of Equipment Hatch and Personnel Locks

The critical item for these large penetrations was considered to be the
pretensioned bolted connection at the equipment hatch. These connect-
ions have twenty 1-1/2 inch diameter SA 193 B7 bolts. The equipment
hatch is a pressure seated type. The shear capacity of the bolted
connection was computed using a pretension equivalent to the 75% value
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of ASME bolt allowable stresses and a reduction of 10% for the effect of
torque relaxation. A coefficient of friction 0.4 was used to obtain the
available shear friction capacity. This is based on steel to steel
contact and frease-free in air condition (Reference 3.4). The capacity

; margin was obtained using this capacity and a shear load computed using
the zero-period acceleration of the applicable vertical response;

spectra. The zero-period acceleration is used here because of the
rigidity of the component in the response mode being considered, which
is the sliding between flanges. The minimum margin thus computed is 4.9
for Task 3. Due to the pressure-seated construction, the margins for
other Tasks are higher.

In addition to the bolted connections, buckling of the equipment hatch
and seismic capacity of the latching mechanism of the personnel locks
were also evaluated and very significant capacity margins were computed,
showing the noncritical nature of these items.

4.4.6 Through Wall Crushing of Concrete

The critical zone for this limit state is element 14 gf Figure 4.18.The location of maximum membrane compression is at 180 azimuth. The
capacity margin of greater than 10 at Ag = 1.0g was computed for Task
3. For other Tasks, the existence of pressure increases this margin
even further.

4.4.7 Liquefaction of Structural fill

The liquefaction potential of the granular structural fill was evaluated
by using 65% of the peak shear stresses transferred to the soil. An
equivalent number of uniform shear stress cycles, with the above magni-
tude of the shear stress, was considered based on Reference 4.2. At A

H= 0.75g, 20 cycles and at Ag = 1.09, 25 cycles of uniform stress were
used. The cyclic shear strehgth data, corresponding to initial lique-
faction, obtained from laboratory tests, shown in Figure 4.22, were
reduced to their 70% value to represent the in-situ conditions. These
reduced strength values were used to compute the f actor of safety
against initial liquefaction. A margin factor of one was obtained for
Ay = 0.839 Figure 4.23 shows the variation in capacity margin factor
wTth increase in A for this limit state. These margins, obviously,g
are independent of tasks, since pressure and temperature have no signi-
ficant effect on the soil stresses.

The structural fill below the Clinton containment basemat consists of
well compacted granular soil. The minimum specified compaction was a
relative density of 85%. Occurrence of liquefaction for such well
compacted soils is not considered likely. Howevar, for such high
acceleration levels, as A y = 0.75g and higher, the calculated stresses
also become high, and caTculational approach used shows likelihood of
initiation of liquefaction. It is felt that a more detailed evaluation
of this phenomenon may show that liquef action of such well compacted
soil is not very likely.
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4.4.8 Bearing failure of foundation

The capacity margin factor for this limit state is based on the ultimate ^,

bearing capacity of 80 ksf. obtained from design information. The
maximum bearing pressure during the seismic event was used for this
evaluation. A high capacity margin of 8.0 was computed for this limit !

state for all tasks.

4.4.9 Failure of Bolted Connections at Drywell Head and Drywell
Equipment Hatch :

Although the drywell in the Clinton containment is not part of the
containment pressure boundary, f ailure of the large penettations, i.e., :
drywell head and equipment hatch, was evaluated to see if drywell can be
prematurely breached. For this evaluation, it was assumed that the

,

pressure between the drywell and containment will be equalized. There
are 72, 2-3/4 inch diameter SA 193 Gr B6 bolts in the drywell head. A ,

preload of 55.5 k/ bolt was used based on the Operating and Maintenance |
Mar.ual . The drywell equipment hatch has the same bolting as the
containment equipment hatch discussed in Section 4.4.5.

Both the drywell head and drywell equipment hatch bolted connections
were evaluated using the same method as discussed in Section 4.4.5. L

Capacity margin f actors of 7.6 for drywell head and 5.9 for equipment ,

hatch were calculated for all tasks. :

4.5 Conclusions

The following conclusions are drawn from the results presented for
Clinton containment in this chapter: i

1. The calculated seismic capacity for Clinton containment is ,

associated with the indirect limit state of the liquef action of I
structural fill under the containment basemat. This capacity is Ag '

= 0.83g. However, as discussed in Section 4.4.7, it is felt that
the occurrence of liquefaction in well compacted soils is not very
likely. A more detailed evaluation of this phenomenon may improve
the margins further. Compared to the design-basis SSE, even this
conservative capacity shows a margin greater than three.

| Because the calculated capacity is associated with an indirect limit i

state, it is not affected by the presence of accident pressure and!

temperature in the containment.

2. Of the six direct limit states evaluated, the through-wall crushing
of concrete, f ailure of bolted connections at containment equipment
hatch, and failure of containment wall at penetrations are of no

concern based on high margins calculated in all tasks at AH = 1.09

Of the remaining three direct limit states, the smallest capacity of
AH = 1.0g was calculated for failure of reinforcing bars and liner
in the containment wall. Based on the element-level TEMC0 analysis
the capacity drops sharply when most concrete laminas crack and
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yielded reinforcing bars cannot pick up the added seismic loads. A i' three-dimension 61 analysis, allowing for meridional and circumfer- i
ential load redistribution, could significantly improve the margin, I
as discussed in Chapter 7.

|
The reinforcing bars in the basemat exhibit behavicr similar to the
rebar in the wall. Although the calculated margins sit Ag = 1.0g are
high, the estimated capacity is Ag = 1.159 .

3. The transverse shear failure in basemat is found to be less critical
than in the containment wall due to thick Clinton basemat and
liberel use of shear ties. The margin against transverse shear
f ailure in basemat, at Ag = 1.09, ranges from 1.6 to 2.1 in various
tasks, whereas for the containment wall it ranges from 1.1 to 1.6. !
Again, comparisons shown in Chapter 7 demonstrates the conservative
nature of results obtained from the simplified analysis.

4 The effect of increased pressure and temperature on Clinton contain-
ment is to reduce the margins against some of the limit states, !e.g., failure of wall reinforcing bars or liner and failure due to ,

transverse shear in wall. However, for basemat reinforcing bars and
liner, the margin is not reduced because of temperature induced
compression.

5. The initial main shock upto a level of Ag = 1.0g, is considered not '

to have any effect on the subsequent seismic capacity of Clinton
.

containment, since no portion of the concrete wall is crushed in !
compression, thus allowing continued use of the full cross-section
for evaluations in Tasks 4, 5 and 6.

!

6. Because of large basemat, no uplift of basemat occurs at Ag = 1.0g. !

7. There is a significant soil-structure interaction effect, which
|reduces the responses in high frequency range, and this effect ;

increases with increasing values of AH due to the softening of soil. ;
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Table 4.1 :

Summary of Material Properties for Rebar. Liner, and Concrete ;

1. Stainless steel liner - SA-240 Type 304
|

F F F 0 IProperty 100 s (O ) 200(O ) 300(O ) 400 F)

Yieldstrength.F.(ksi) 30.0 25.0 22.5 20.7y

Young'smodulusE(ksi) 28300 27600 27000 26500

Coef. of expansion x 10-5 8.54 8.76 8.97 9.21 f

2. Carbon steel liner SA-516 Gr. 60

100 s (O ) 200(O ) 300(O ) 400 F) |F F F 0

Yieldstrength(ksi) 32 29.2 28.3 27.4 |
Young'smodulusE(ksi) 29300 28600 28100 27500

Coef. of expansion x 10-5 6.5 6.67 6.87 7.07
;
1

,

3. Reinforcing steel - ASTM A615 Gr. 60
,

J00 s (O ) 200(O ) 300(O ) 400 F)F F F 01

Yieldstrength(ksi) 60 57 57 57
.

Ycung's modulus E (ksi) 29000 29000 29000 29000

Coef. of expansion x 10-5 6.5 6.5 6.5 6.5

4. Concrete ,

100 s (OF1 200(O ) 300(O ) 400 F)F F 0

Compressive strength (ksi) 4.68 4.68 4.68 4.68
|

Young's modulus E (ksi) 3900 3510 3510 3510

Coef, of expansion x 10-6 5.5 5.5 5.5 5.5

TensileStrength(ksi) 0.41 0.41 0.41 0.41
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Table 4.2
Stresses Due To Dead Load, Pressure and Temperature

(Task 4, Pressure = 15 psig. Temperature = 185"F)

Element Liner Stresses Inner Rebar Stresses Outer Rebar Stresses
No. in (ksi) (ksi) (ksi)
Fiq 4.4 Elevation Meridional Hoop Meridional Hoop Meridional _Hoog

10 713'-7" -12.37 -15.28 0.57 -3.72 -2.34 8.01

17 740'-0" -10.02 -6.26 -4.50 8.08 9.31 19.82

24 776'-3" -8.46 0.27 -3.73 8.48 8.55 20.22

U 30 805'-9" -7.63 0.42 -3.15 8.42 8.54 20.17

38 844'-5" -5.80 1.02 1.46 8.56 10.28 20.31

42 860-10" -5.74 1.21 0.54 9.29 11.36 20.13

43 864'-4" -6.15 0.85 0.10 9.25 11.96 19.45

50 907'-1" -6.00 -4.47 0.58 3.85 10.60 14.00

-
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Table 4.3
Stresses Due To Dead Load, Pressure and Tengerature
(Task 5, Pressure = 45 psig Temperature = 400"F)

_

Element Liner Stresses Inner Rebar Stresses Outer Rebar Stresses
No. in (ksi) (ksi) (ksi)
Fig 4.4 Elevation Meridional Hoop Meridional Hoog Meridional M

10 713'-7" 13.96 -3.36 12.28 -13.40 -0.04 20.29

17 740'-0" -4.09 9.41 -4.50 21.21 35.31 54.90

24 776'-3" 0.06 12.01 -2.36 22.57 32.11 56.26

30 805'-9' O.26 12.47 -1.29 29.% 32.92 56.65

38 844'-5" 1.54 13.83 0.20 22.92 33.89 56.62

42 860-10" -0.40 11.60 2.82 23.22 37.42 59.30

i 43 864'-4" 2.40 10.67 4.10 22.47 38.56 51.74

50 907'-1" 4.27 8.79 8.79 11.56 36.63 40.75

,

I

|
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Table 4.4
Stresses Due To Dead Load, Pressure and Temperature

(Task 6, Pressure = 30 psig, Temperature = 300"F)

Element Liner Stresses Inner Rebar Stresses Outer Rebar Stresses
No. in (ksi) ._ (ksi) (ksi)
Fig 4.4 Elevation Meridional Hoop Meridional Hoop Meridional _Hoog

10 713'-7" 2.94 -8.46 7.06 -8.84 -0.94 14.65

17 740'-0" -12.04 -0.61 -4.64 15.49 23.05 38.97

y 24 776'-3" -9.56 1.37 -3.40 16.72 21.15 40.21

30 805'-9" -7.61 2.19 -1.01 16.83 22.65 40.31

38 844'-5" -6.49 2.51 0.11 16.82 23.93 40.30

42 860-10" -7.28 2.26 2.36 17.55 25.89 39.21

43 864'-4" -5.24 1.27 3.33 17.31 27.03 37.71

50 907'-1" -3.63 -4.45 7.13 9.21 26.38 29.50
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Table 4.5
Foundation Soil Properties At Clinton

Cogacted 1111notan Illinian Lacustrine Pre-Illinolan
Structural Fill Glacial Till Deposits Glacial Till

Density (pcf) 132 150 134 145

Poisson's Ratio: 0.40 0.46 0.47 0.47

Dynamic Shear
Modulus (psf)e

.L Single amplitude
'" Shear strain

8,000(fo 3/2 8 x 105 8 x 105 8 x 105= 1.0%
32,000(o"9 )t/m= 0.1% 30 x 105 26 x 105 26 x 105

= 0.01% 74,000(o ' */2 100 x 105 77 x 105 77 x 105
= 0.001% 97,000(o * 1/2 170 x 105 115 x 105 115 x 105
= 0.0001% 100,000(o,' */2 200 x 105 1@ x 105 W x 1@

Damping
(Percent of critical)
Single amplitude

Shear strain
= 1.0% 16 22 20 20
= 0.1% 14 16 9 12
= 0.01% 6 8 5 8
= 0.001% 2 4 3 4
= 0.0001% 1 3 2 3

NOTE: o,' = mean effective stress (psf).

.-. .-._. _ _. _ _ _ _ _ _ . . __ _.. _ _ -_ __.--_.._. _.-,..._...-._....- _ __ _ _ _ .-_ .- - ~ _ _ _ . _ _ . . _ - - - - . .. ~ ,_ . ~ .
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Table 4.6,

Total Foundation Spring and Dashpot Constants
_

A K K
Cu cs s y- v

(g) (KIP /FT.) (KIP /FT.) ( KIP EC.) (KI SEC)

0.25 5.10 x 106 7.24 x 106 4.31 x 105 9.04 x 105

0.45 3.30 x 106 4.69 x 106 3.47 x 105 7.27 x 105
?
g 0.75 1.98 x 106 2.82 x 106 2.69 x 105 5.64 x 105

1.0 1.43 x 106 2.03 x 106 2.28 x 105 4.78 x 105

_._

Note: Individual spring and dashpot constants in Figure 4.6 were obtained using
the total values and the applicable tributary area for each element.
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Table 4.7
!

Capacity Margin factors for Clinton Containment At A =1.0gH ;

(Exceptasnoted) !
(DirectLimitStates) |

(See Note 1) [
'

|'Tasks
Code. Description Criterion 3 4 5 6 [

:

2 Failure of Reinforcing |Bars in i

a. Containment Wall 10 c /c, *10 >10 1.0 8.4 |y

b. Basemat 10 c /c >10 >10 >10 >10y s

1 Tensile failure of Steel |
Liner '

0*02
j a. Containment Wall >10 >10 >10 >10

* principal |
b. Basemat >10 in In in f

Comp Comp Comp [
!

6 Transverse Shear ;
failure i

a. Containment Wall Flexural shear 1.6 1.3 1.1 1.2 j
cap.

,

Tection shear [
b. Basemat 1.8 1.6 2.0 2.1 !

8 Failure of Containment Pull-out cap. }per ASME CodeWall at Pentration 7.0 4.3 2.5 3.1 !
K( 6 + 6P+T)

'

3Based on K=160 kip /in. |
Elev. 770'Mainsteam i

'
,

9- Failure of Pretensioned '

Bolted Connection at
Containment Equipment "$ 4.9 >10 >10 >10

3Hatch j
r

7 Through-Wall Crushing 0.002 10 Not critical !
of Concrete Average comp. because of ,

strain when pressure |
L wall thickness -

in compretsion ,

1 {
L i
| * Refers to limit state identification number in Table 1.2. !

i Note 1: A comment similar to Note 1 of Table 3.9 applies to this
t

| table also, t

i

|
4-17 .
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Table 4.8
Capacity Margin Factors for Clinton Containment at % =1.0g

(Except As Noted)
(Indirect Limit States)

(See Note 1)

*
Code Description Criterion Tasks

3 4 5 6

15 Liquefaction of Cyclic 1.0 1.0 1.0 1.0
Structural Fill shear capacity at at at at

A =0.83g M .83g Y .83g A -0.83gUnder Basemat Ave. cyclic H H
i shear

13 Bearing Failure Ult. bearing 8.0 8.0 8.0 8.0
of Foundation capacity

Peak ave.
pressure

9 Failure of bolted
connections
a. Drywell Head Shear capacity

Max. shear 7.6 7.6 7.6 7.6

b. Equipment Hatch
at Drywell Wall 5.9 5.9 5.9 5.9

* Refers to limit state identification number in Table 1.2.

Note 1: A comment similar to Note 1 of Table 3.9 applies to this table also.

__
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| S. EVALUATION OF ZION CONTAINMENT

5.1 Description of Zion Containment
'

Figure 5.1 shows a schematic of the Zion containment. The containment1

E is in the shape of a cylinder with a shallow domed roof and a flat
foundation slab. The cylindrical portion is prestressed by a post- '

tensioning system consisting of horizontal and vertical tendons. The ;
dome has a three-way post-tensioning system. The basemat, which is
separated from the foundation slab of adjacent structures, is
conventionally reinforced with reinforcing steel. The entire structure
is lined with 0.25 inch welded steel plate to provide leak tightness.

The approximate dimensions of the reactor containment are: inside
diameter, 140 feett inside height, 212 feet; vertical wall thickness,
3-1/2 feett dome thickness, 2 feet 8 inches; and the foundation slab
thickness 9 feet. The subsurface condition consists of a granular
deposit to a depth of 35 feet, followed by a glacial deposit to a depth
of 72 feet, underlain by dolomite bedrock.

Nominal bonded reinforcing steel, in addition to prestressing steel, is
provided in the cylinder and dome to distribute strains due to shrinkage

,
'

and creep. Additional bonded reinforcing steel is used at penetration
and discontinuities to resist local moments and shears. L

.

The basemat is a reinforced concrete structure, 157 feet in diameter and
9 feet thick. A cylindrical reactor pit with a wall thickness of 16
feet and an internal diameter of 21 feet is at the center of the
basemat. Both the basemat and the base slab of the reactor pit are
provided with the top and bottom reinforcement. Shear reinforcement is
also provided in the basemat from the radius of 50 ft. to 65 ft.

7

The post-tensioning system consists of:

1. Three groups of 63 dome tendons oriented at 1200 to each other
for a total of 189 tendons anchored at the vertical face of the
dome ring girder.

,

2. A total of 216 vertical tendons anchored at the top surface of
the ring girder and at the bottom of the base slab.

| 3. A total of 555 hoop tendons anchored at six vertleal buttresses.
.

Personnel and equipment access to the containment is provided by a
j double door lock and by a 18'-6" clear diameter double gasketed single
L door. A double door emergency personnel escape lock is also provided.

, 5.2 Analysis for Non-Seismic Loads
u

To establish the yield pressure for Task G, P , a membrane analysis of
containment was performed for gravity, pressure # and prestressing loads.,

This analysis was performed using a hand calculation. The analysis
showed that at a pressure of 115 psig, hoop tendons yield and maridional
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tendons reach 96% of yield point. The reinforcing bars begin yielding
at a significantly lower pressure. Based on this the Task 5 pressure
was selected as 93 psig which is about 80% of the pressure at which I
membrane yielding in the containment occurs. At this pressure level, !

some ' inelasticity has occurred in the reinforcing bars but there is
still some remaining strength in the tendons to carry seismic loading.
Since the design pressure for Zion is 47 psig, the pressure for Task 6
was established as 70 prig, i.e., the average of design and Task 5
pressures. The values of pressure and temperature for various tasks are j

summe.rized in Table 1.4.

To combine the non-seismic load effects with the effect caused by
seismic loads, an elastic analysis of containment shell and internal ,

structures was made using the computer program DYNAX. Results from this*

analysis were combined with seismic loads as discussed in Section 2.1.6.

5.3 Seismic Analysis

5.3.1 Overall Seismic Model

Figure 5.2 shows the overall seismic model used for the Zion containment i

analysis. The details of constructing this model are discussed in
Section 2.1.4. The additional information specific to this model is ;

provided in this section.

The properties of the foundation soil are given in Table 5.1. The
spring constant and dashpot values were obtained using the procedure
described in Section 2.1.2, except that effects of embedment and '

proximity to the rock were included based on procedure given in
Reference 5.1. The total spring constant and dashpot values for various
ground acceleration levels are shown in Table 5.2. The note in the
table also describes the distribution of constants among the elements
shown in Figure 5.2. This procedure was followed to obtain the same
total spring and dashpot constants for horizontal and vertical
translation and rocking as the total values listed in Table 5.2.

The concrete compressive strength, f', used in the Zion containment
analysisis5850psiforbasematand6835psiforthecylinderanddome;
these values include an increase of 17% from the specified desing values
for aging. The yield stresses of the reinforcing bars, prestressing
tendons and the liner are 60 ksi, 204 ksi, and 32 ksi, respectively.
These properties are based on the minimum specified material properties.

,

|
and therefore considered conservative; see Section 8.3.

|
Figure 5.3 shows the M-9 diagrams used for the containment beam element |
(9-10) of Figure 5.2 for Tasks 3 through 6. Similar information was |
obtained and used for other containment beam elements. '

In the evaluation of the tensile limit force of the vertical soil
sprirgs, Fti, shown in Figure 2.11, a minimal adhesion of 1 psi between,

" the basemat and soil was assumed.-

5-2
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Modal frequencies of the Zion model, assuming linear behavior, are
summarized in Table 5.3. This table includes information for fixed base
model and models which consider soil-structure interaction.

5.3.2 Seismic Analysis Results

The Zion seismic model was analyzed for Ag = 0.25g, 0.50g, 0.75g and
1.0g for Tasks 3,4,5 and 6 using appropriate M-9 diagrams. For Tasks 3
and 4 containment remains uncracked up to AH = 1. 0g . Therefore solid
concrete section moment of inertia was used in modeling the beam
elements. For Tasks 5 and 6, at AH values of 0.5g and higher, the
concrete cracks. However, the beam members do not reach their yield
moment, as determined from the applicable M-9 diagrams. Consequently,
the containment response is obtained from elastic beam members having
moment of inertia equal to the average of solid section and cracked
section moment of inertia for these two tasks. The values of the
average moment of inertia are approximately 35% lower than the solid
section moment of inertia. This much difference in the flexural section
property does not have much effect on the seismic responses which are
primarily governed by shear. For this reason the seismic responses for
all the four tasks are approximately the same. Therefore, in the
evaluation of the containment the same seismic responses were used for
all four tasks.

'

Figures 5.4 and 5.5 show the comparison of horizontal response spectra
at the basemat and the input ground spectra in the free field, at AH*
0.25g and 1.09 The significant effect of soil-structure interaction ir,
evident from the comparison in Figure 5.4. Due to softening of the soil
at higher strains, the high frequency input is attenuated due to soil-
structure interaction. As the level of ground shaking increases, the
softening of soil a.lso increases, and this' attenuation becomes even more :
significant as seen in Figure 5.5. Similar comparison for vertical
shaking is shown in Figures 5.6 and 5.7, from which the same conclusions
as for the horizontal shaking can be made. These conclusions are very
similar to those drawn for the Clinton containment in Section 4.3.2.

Basemat uplift does not occur at AH = 0.25g. At AH = 0.5g, the uplift L

has occurred, as seen from Figure 5.8, which shows the vertical
displacement time history of the end of the basemat, i.e., node 20 in
Figure 5.2. As can be seen from this figure, the tension limit of the
one-way soil spring has been exceeded at this acceleration level.

,

Figure 5.9 shows the same results at Ay '1.0g, significant basemat=

uplif t takes place at this acceleration ' level. The extent of maximum
basemat uplift is shown in Table 5.4 for various A values. Theg
following paragraph discusses the effect of uplift on the seismic
responses.

As A increases, the seismic responses are affected by both the soilg
softening and the effect of uplift. In order to study these two effects

separately, a seismic run for Ag = 1.0g was made using soil properties ;

corresponding to AH = 0.25g. The results of this run would have the,

! effect of uplift, but would not have any effect due to soil-softening in
| comparison to AH = 0.25g analysis. A comparison of base shear and
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moment obtained from this run and those obtained from Ag = 0.25g (after
linearly scaling by a factor of 4 to account for the difference in Ag
values), is given in Table 5.5. This comparison shows that a reduction

,

L of approximately 20% to 30% occurs in these responses due to uplift. |

This is apparently the effect of softening introduced in the dynamic
model due to uplift of the basemat, and is consistent with the results
reported in Ref'rence 5.2. j

The effect of uplift on the basemat response has also been investigated
by comparing the transverse shear and bending moment obtained from a
companion ADINA analysis with one-way soil spring and a two-way soil |

spring. This companion analysis is discussed in the next Section 5.4.
The resulting ratios at Ag = 1.09, from this comparison are presented
in Table 5.6. It can be seen that, for Zion condition, the transverse
shear and bending moment in the basemat are not significantly affected
on the compression side; however, on the tension side a change of 15% to
40% cccurs.

The effect of uplift on horizontal and vertical response spectra is
shown in Figures 5.10 and 5.11. At high frequencies, the responses are
much less affected by uplift at Zion than they are at Fermi (See Section
3.3.2 Figures 3.14 and 3.15). The reason for smaller effect at high '

frequencies in Zion is that at Zion a soft impact occurs between soil
and basemat. On the other hand the rock foundation in Fermi causes a
hard impact. Note that soft and hard impacts refer to the relative
stiffness of the vertical springs. Figures 5.10 and 5.11 also show that
at lower frequencies, uplift reduces the horizontal and vertical
spectra.

Figure 5.12 shows the horizontal response spectrum for Ag = 0.25g.at >

node 1, the highest point on the containment. The corresponding basemat
spectrum is also shown on the figure to illustrate the structural
amplification. As can be seen from this figure, the maximum amplifi-
cation occurs near the fundamental frequency (1.49 CPS) of the coupled

.

'

soil-structure model. The vertical spectrum at this node is shown in
Figure 5.13. As can be seen, due to high stiffness of the containment
shell in the vertical direction, structural amplification is limited to
higher frequency range.

Figure 5.14 shows the comparison of the horizontal spectrum at node 1,
for Ag = 1.09, to the basemat spectrum. The significant point to note
from Figure 5.14 and its comparison with Figure 5.12 is the effects of
soil softening, due to:

(i) the peak magnitude does not increase linearly with the increase
in AH (compare 2.6g peak acceleration at Ag = 0.25g from Figure
5.12 to 4.7g peak at Ag = 1.0g in this figure)

(ii) the peak occurs at a lower frequency of 1.2 CPS now, in 1

comparison to 1.49 CPS for AH = 0.25g in Figure 5.12, and I

(iii) a significant deamplification occurs in the higher frequency |
range. |

|
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5.4 Capacity Margin Factors

Tables 5.7 and 5.8 contain the margin factors for direct and indirect
limit states, respectively, for Zion containment. The margins listed in
these tables have been calculated for AH = 1.0 , except as noted. i9

Tables 5.7 and 5.8 list the direct and indirect limit states, '

respectively, in their decreasing order of criticality. Calculated
margin factors, along with engineering judgment, are used to arrive at
this rank. ordering. Further comments on the relative criticality of
various limit states are included in Section 5.5.

The margin evaluations were made using the peak seismic responses. For
shell evaluations the DYNAX model shown in Figure 5.15 was used. Since ii

DYNAX program does not consider one-way spring, the effect of foundation
uplift could not be directly considered using DYNAX. To consider this ,

effect a companion study was performed using an elastic model of the
,

basemat in ADINA program. This model represented the basemat by 4-node
elastic plate elements and considered one-way action of the spring.
Results of this companion analysis provided factors, which were used to

i

modify the basemat responses obtained from the DYNAX analysis. The
mod'fied DYNAX results were used in the final evaluations instead of the
results from ADINA because of the finer mesh used in the DYNAX model
which was considered more representative of the basemat. Processing of
the DYNAX results to obtain strains in the reinforcing bars using TEMCO
program was the same as discussed in Section 2.1.6.

Y

5.4.1 Failure of Reinforcing Bars

This limit state was investigated for the basemat and containment wall. '

The critical section for the basemat is the region between the crane
wall and containment wall in Figure 5.15. The critical region for wall
evaluation is approximately 30 ft. above the basemat. From this
elevation to the spring line the meridional and hoop reinforcing bars
are provided at outside face of the wall only. At lower elevations the
reinforcing is on both faces of the wall.

As shown in Table 5.7, the strain in the basemat reinforcing bars is not
limiting for any task. For Tasks 3 and 4, where compression due to

,

post-tensioning has not been overcome, the reinforcing bar strains in
the wall are also not limiting. For Tasks 5 and 6, however, the pre-
stressing effect has been overcome due to the pressure. Therefore, the
strain in the wall reinforcing bars governs the containment capacity.
The estimated capacities are 0.34g for Task 5 and 0.63g for Task 6.,

I Figures 5.16 and 5.17 show the variation of margin factors with
|- increasing Ag for Tasks 5 and 6, respectively. As noted on these
|- figures, the laminated reinforced concrete element analyzed in TEMC0

program can not be further loaded, since most concrete laminas crack and
already yielded rebar elenents cannot pick up the increased tension,
causing a sharp drop in the margins calculated. It should be noted
that, TEMC0 analysit being an element-level analysis does not provide
for the load redistribution in the meridional and circumferential ,

| directions in the containment. Therefore, the calculated capacities

|
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should be considered conservative. A similar behavior of containment
wall reinforcing was noted in Clinton containment, as discussed in
Section 4.4.1.

5.4.2 Transverse Shear Failure

This lin.it state was investigated for the basemat and containment wall.
Transverse shear reinforcement is provided in the containment wall up to
an elevation of approximately 11 f t. above the basemat. Therefore, it I

would appear that element 30-31 in Figure 5.15 is the critical element
for this limit state. However, the transverse shear force in element
29-30 may be significantly higher than in element 30-31. Therefore,
both elements were investigated. For Task 3, the critical region is
element 29-30, with a margin factor of 3.46. For Tasks 4, 5 and 6,
however, the critical region is element 30-31. The margin in Task 4 is
3.15. For Tasks 5 and 6, wK a prestressing effect is overcome by the
pressure, the margins drop to pelow unity at A 1.0g, giving capacity
of 0.39g for Task 5, and 0.779 for Task 6. H =he variation of margin

,

T

factors with AH for Tasks 5 and 6 is shown in Figure 5.18.

For the basemat evaluations, the critical region is the compression side
for Task 3, and tension side for Tasks 4, 5, and 6. This difference in
behavior in various tasks is because of the fact that the dead load !

'shear and seismic shear act in the same direction on the compression
side; however, the shear due to pressure loading acts against the
seismic shear on the compression side and with the seismic shear on the
tension side. The smallest margin as shown in Table 5.7, is 1.29 at Ag
= 1.0g in Task 5. The margin curve for the basemat transverse shear for
Task 5 is shown in Figure 5.19.

5.4.3 Failure Due to Interference With Auxiliary Buildir.g ' +

|; Due to the arrangement of buildings at Zion station, as shown in Figure
| 5.20, potential exists for interference between the containment and

| auxiliary buildings during a seismic event. The highest elevation for
this potential interference is 642 f t., approximately 77 f t. above the,

'

containment basemat. At this elevation the interference could occur on
a 90 arc length. The gap between the two buildings is 1.0 inch.

To evaluate the containment capacity for this limit state, it was assum- i

ed that the amount of interference equals the horizontal displacement of
the containment building at elevation 642 feet. This means that the
existing gap between buildings, local deformation of the auxiliary
building slab involved in the impact, and the lateral deflection of the ,

auxiliary building are not considered. The ignoring of the existing gap i

is clearly conservative. Because the auxiliary building slab has high
in-plane stiffness and since the auxiliary building is a stiff shear 1

wall structure, the ignoring of displacement due to these deformations
is reasonable.

All of the interference was, therefore, assumed to be absorbed by the i

local deformation of the containment wall. To evaluate a limit for this
local deformation the following analysis was made: a ring load around
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the circumference was applied to an axisymmetric model of the contain-
,

ment in DYNAX program. The analysis considered the effects of concrete ~

cracking and yielding in the reinforcing bar and liner in the vicinity !

of the ring load. Figure 5.21 shows the progressive deflection of the
containment wall near the ring load as the intensity of the load is
increased.

,

At the step just prior to the maximum load, only 6" of uncracked
concrete remained in the vicinity of the ring load, figure 5.22 shows
the load- deflection curve of the containment wall for Tasks 3 and 5.
It is concluded from Figure 5.22 that the maximum deformation that can
be, conservatively, absorbed in the containment wall is approximately
0.295 feet. This displacement corresponds to Ag = 0.75g from the
seismic analysis. This is the capacity listed in Table 5.7 for this
limit state.

Additional factor to be noted in this evaluation is the following: for
the same load intensity, the assumed ring load is expected to cause
smaller deflections under the load than the corresponding deflections
under a loading which covers only part of the circumference. Therefore,
for a given deflection from seismic analysis, the ring load application
yields a lower margin and it is conservative. i

t

5.4.4 Shear Failure at Buttress Plate

Figure 5.23 shows the details of the tendon, buttress plate, reinforcing
bar, and the concrete outline at the buttress. There are six buttresses
in the containment. The buttress plate stops 6" short of the concrete
outline. Shear resistance is provided by the friction between the plate
and concrete, and the reinforcing bar passing through 6" of concrete at
the termination of the plate, as shown in Figure 5.23. In Tasks 3, 4
and 6 a hoop compression exists in the containment wall, therefore,
frictional resistance can be mobilized. In Task 5, containment wall is
in tension, therefore, the only shear resistance which can be mobilized r

is that due to the reinforcing bars and 6" of concrete. Based on these
considerations, the capacity margin factors for this limit state were
calculated to be 2.4 and 1.4, at AH = 1.0g, for Tasks 3 and 4, respect-
ively. For Tasks 5 and 6, the capacities are AH = 0.75g and 0.85g,
respectively. The variation in margin for Task 5 for this limit state
is shown in Figure 5.24. As can be seen, the margin gradually drops
from 1.7 at 0.25g to 1.0 at 0.75g.

5.4.5 Failure of Prestressing Tendons

This limit state was evaluated by computing the strains in the meri-
dional and hoop tendons due to seismic and non-seismic loads including
post-tensioning stress, pressure and temperature. The contribution of
the seismic load to the total strain in the tendons is very small in
comparison to the other loads. Therefore, although the margins reported
in Table 5.7 are not very high, they are quite insensitive to the
increases in the seismic load. Figure 5.25, which shows the margin
curve for Task 5, demonstrates this fact.

1
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5.4.6 Failure in Containment Wall at Penetration

Penetrations of cold piping have more potential to cause failure of
containment during a seismic event, because of absence of bellows or
thermal loops which are provided on hot lines. Based on this consid-
eration the large diameter cold pipes which penetrate containment at
higher elevations were considered for the evaluation of this limit
state. Figure 5.26 shows the penetration detail for 14" diameter
service water line that penetrates the containment at elevation 604'5"
(approximately 38 feet above the basemat). The penetration diameter is
28" and it is anchored into the wall by eight strap anchors.

For, Tasks 3 and 4, when the wall at the vicinity of penetration is in
compression, pull out capacity is provided by friction between concrete
and steel. Based on Table 6.6.1 of Reference 5.3 a coefficient of ,

'

friction of 0.4 was used to evaluate the penetration pull out capacity
for these tasks. For Tasks 5 and 6 the containment wall is in tension
around the penetration. The penetration pull out capacity in this case
was evaluated from the capacity of the welds connecting the flange of
the penetration to the strap anchors, which are the weakest elements in j
the connection.

:

In order to calculate margin factors for this limit state, penetration !

pull-out capacity was divided by the piping stiffness to determine the
limiting displacement capacity at the penetration. This displacement
capacity was divided by the combined seismic and pressure induced dis-
placements to obtain the margin factors shown in Table 5.7. A value of
14.3 K/ inch was used for piping stif fness in these evaluations. This
stiffness was determined by reviewing the existing piping analysis
results. The variation in margin for Task 5 is shown in Figure 5.27.

5.4.7 Through-Wall Crushing of Concrete

Critical zone for this limit state is element 32-33 in Figure 5.15. The ,

calculated margin factor at AH = 1.0g for Task 3 is 6.8. The presence |
of pressure load in other tasks increases this margin even further. 1

5.4.8 Failure of Steel Liner

The strain in the liner is not a controlling factor in any of the tasks. I

Tasks 3 and 4, the margins exceed 10 at Ag = 1.09 In Tasks 5 and 6,
the shell element capacity is governed by the strains in the reinforcing
bars. The liner strains at the calculated capacity of reinforcing bars, !

i.e., 0.34g for Task 5 and 0.639 for Task 6, are such that the margins
are greater than 10 at these Ag values, as reported in Table 5.7.

5.4.9 Failure of Bolted Ccnnections at Equipment Hatch

The connections at the equipment hatch have twelve 1-1/2" diameter SA
193B7 bolts. The equipment hatch is of pressure-seated type. The bolt-
ed connection capacity was evaluated as described in Section 4.4.5 for
the Clinton containment equipment hatch. The minimum margin computed at
Ag = 1.0g, is 3.6 for Task 3, and greater than 10 for all other tasks.

5-8
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I The buckling of the equipment hatch, and the seismic capacity of the ;m

latching mechanism of the personnel locks were also reviewed, and were
found not to be critical.

5.4.10 Bearing Failure of Foundation

The capacity margin factor for this limit state is based on the ultimate
bearing capacity of 45 ksf. obtained from design information. The maxi-
mum vertical pressure during seismic event, combined with the minimum
contact area remaining after considering uplift, was used in the
evaluation. The calculated margin at 1.0g is 1.8, as reported in Table
5.8. The margin curve for this limit state is shown in Figure 5.28.

.

5.4.11 Failure Due to Sliding of Containment

Since Zion containment is built on a basemat which is separate from the
adjacent structures, sliding of containment could potentially cause
large relative movements of the pipings connected to the containment and
adjacent buildings. Based on this consideration, margin for sliding was
computed for Zion containment.

The total sliding force was computed at the time when maximum base shear
occurs. This sliding force was used along with the frictional resis-
tance available from the remaining contact area of the basemat at this
time, and the differential side pressure obtained from the pit area to
compute the capacity margin factor. The resistance calculations used a
value of soil cohesion of 7.3 ksf based on design information. A

margin of 2.2 was calculated at Ag = 1.0g for this limit state.

5.5 Conclusions
.

The following conclusions are drawn from the results discussed for Zion
containment in this chapter.

1. The governing limit state in Task 3 for Zion containment is the
failure due to interference of the containment with the auxiliary
building; and in Task 5 it is the failure of wall reinforcing bar,
closely followed by transverse shear failure of the wall. The
conservative estimates of capacity are 0.75g and 0.34g for Tasks 3
and 5, respectively.

2. It should be noted that a capacity of 0.34g, calculated using time
history consistent with Regulatory Guide '1.60 spectra, is almost
four times the design safe shutdown earthquake (SSE) of Zion, which
is AH = 0.17g using Housner spectrum. This conclusion is based on
a comparison of 0.34g capacity vs. 0.17g design SSE, and the fact

| that Regulatory Guide spectral accelerations at Zion containment
i frequencies are about twice in comparison to the Housner spectrum,
i see Figure 2.2 and frequencies in Table 5.3.

3. Nine direct and two indirect limit states were evaluated for Zion
containment. Of these, the prestressing tendons, steel liner,
penetrations, and equipment hatch connections appear to be of no

I 5-9
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concern. Even at the high acceleration, i.e., Ag = 1.0g, these
items have ample margin against failure in all tas'ks. Similarly,
crushing of concrete, and the failure of foundation due to bearing
pressure . or sliding are of no concern based on a similarly high
margin of safety.

Of the remaining four limit states, none is considered critical for :

Tasks 3 and 4. Although, the calculated capacity for the impact
between the containment and the auxiliary building is 0.759, this
evaluation is considered conservative.

Seismic ruggedness of Zion containment is somewhat reduced in Tasks
5 and 6 because pressure loading overcomes the effect of prestress.
This is observed in limit states associated with the straining of
the wall reinforcing bar, the transverse shear loading on the wall,
and slippage at buttress plates. Of these three, the slippage at
the buttress plates is considered less critical than the straining
of reinforcing bars and transverse shear on the wall.

Even the straining of reinforcing bars and the wall shear show
capacities well above 0.5g for Task 6. Corresponding Task 5
capacities are 0.34g and 0.39g, respectively. It should be noted
that evaluation of reinforcing bars, done on an element level, does
not consider redistribution of forces which could take place due to
the continuity of the structure. Similarly, the evaluation of the

'

,

transverse shear capacity using provisions of ACI Code for shear
strength is considered a lower bound.

4. The initial shock, up to a level of Ag = 1.0g does not affect the
subsequent seismic capacity of the Lion containment, since the
effect of prestressing is not overcome and escessive compression
does not develop in the containment wall. This statement ignores
the effect of local damage from interference with auxiliary,

'

building because of potential softening that may take place due to
the initial interference.

| 5. Because of separate basemat and soil foundation, the Zion contain-
| ment experiences relatively larger lateral displacements due to
i rocking than in Clinton which is on soil with continuous mat, and

in Fermi which is founded on rock.'

6. For values of AE greater than 0.5g, significant uplift occurs. At
AH = 19, 40% c. basemat uplifts. However, this uplift is associ-
ated with reduction in structural forces in the containment wall.
Some of the basemat responses are moderately increased. Moreover,
because uplift occurs on soil foundation, the hard impact condition

,

seen in the in-structure spectra of Fermi and Sequoyah containments
is almost absent in the Zion containment.

7. Similar to the observation made on the Clinton containment, soil-
structure interaction attenuates the responses at high frequency
range and this effect increases with increasing values of A

Hbecause soil softens.
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Table 5.1

Foundation Material Properties at Zion

Material Property Granular Deposits Glacial Deposits Dolomite,

Density (PCF) 122 142 160
r Poisson's Ratio 0.39 0.40 0.30

Dynamic Modulus of i

Elasticity E (PSF) '

Single Amplitude Shear
Strain

/2 12x 1051.0% 8,300 m
I/2 34x 1050.1% 41,700 m
3/8 101x 105

,

0.01% 111,200 m
'

,
/2O.001% 158,500 pm 232x 105

3/2 336x 105 110x 10'0.0001% 169,600 sm

Dynamic Modulus of
Rigidity G (PSF)
Single Amp 11tede Shear

Strain
i/2 4x 1051.0% 3,000 m
1/2 12x 1050.1% 15,000 m
i/2 36x 1050.01% 40,000 m

8/2 83x 1050.001% 57,000 m
0.0001% 61,000 m '/2 120x 105 745x 10

Damping
(Percent of Critical)
Single Amplitude Shear

'' Strain
1.0% 24 20
0.1% 16 9
0.01% 6 5

,

0.001% 1.5 3
0.0001% 0.5 2.5 1 to 2

sm = mean effective stress
|

|

|

1
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Iable 5.2

Total Foundation Spring and Dashpot' Constants

A K K C C CH
(k/Yt) (k t) (k-ft/Rd) (k!/ft) (K y/ft) (k-ft-s/Rd)s

60.25g 1.64x 10 3.52x 10' 6.19x 10' 1.06x 105 53.35x 10 1.16x 10s
8 6 8 5 5 80.50g 0.93x 10 2.01x 10 3.52x 10 0.80x 10 .2.52x 10 0.87x 10
6 S 5 5 0.77x 10e0.75g 0.71x 10 1.54x IO 2.70x 10' O.70x 10 2.21x 10

C 1.0g 0.62x 10 1.35x 10 2.37x 10' O.65x 10 2.07x 10 0.72x 106 6 5 5 8

Note: The two horizontal springs and dashpots in Figure 5.2 have values equal to one-half
of the total values given in this table. The. interior vertical springs and dashpots
in Figure 5.2 have the same values; the end elements have higher values. In the
vertical direction this discrete system has the total vertical and rocking constants
equal to the values listed in the table.

. -. - - - - . _ - - - - - - - - -_ . -. . - - - - - - .
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Table 5.3

Model Frequencies For Zion Seismic Model

Frequency (eps)
Mode Fixed SSI Model Figure 5.2 j-

Number Base A_H = 0.25g 6g = 1.0a
'

_

1 3.05 1.55 1.06

2 5.42 3.78 2.54

3 10.57 4.28 2.71
,

4 10.61 5.97 5.62-

5 -10.69 10.66 10.65

:
;

,

>

b

%

i

.
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!
!Maximum Extent of Basemat Uplift

-

,
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t d
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143.5' ;i
,

1 ;

Node 20 Node 27
:

i

!,

bu .L

0.259 0'

O. 50g 35.6'

O 759 52.1'
,

,

1. 0 09 59.8' ;
'

!

>

I
i

e

e

*

.

I

i
i

9

I

'
,

-

5-15

|
|



. _ _ _ _ . - _ . _ - . _ _ . _ . . .. . ._ _

, <

#
&

. ;. ,

i
,

'

i,

f' Table 5.5
. i
l- r

.. EffectofUpliftonContainmentBaseShearandMoment(AH=1.0g)

Response No Uplift With 0011ft '|

V(Kips) 1.42 X 10' 5.77 X 10" |
L i

!

M(Ft. Kips) 10.8 x 10' 8.94 x 10' i
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Table 5.6

Effect of Uplift on Transverse Shear And Bending
Moment In the Basemat (Ag=1.0g)

Response With UpliftRatio = Response Without Uplift

Shear Positive Moment Negative Moment

'

Compression Side 0.92 0.90 0.98

Tension Side 1.18 1.39 0.85

|

|
| 5-17
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Table 5.7
-Capacity Margin Factors for Zion Containment at A

(Direct Limit States) H = 1.0g (Except As Noted)
(See Note 1)

Code * Description Criterion Tasks
3 4

2 Failure of reinforc- - - -5 6
-

ing bars
a. Containment wall >10 >10 1.0 1.0

at at
10 c /c A -0.34g A =0.63gy H H

b. Basemat >10 >10 >10 >10,

6 Transverse shear
failure in
a. Wall 3.46 3.15 1.0 1.0?

at atM A =0.39g A =0.779! H HFlexural shear
cap per ACI 11.3

b. Basemat Average nominal 4.15 2.36 1.29 1.66
shear

2 Failure of contain- Radial displ. 1.0 1.0 1.0 1.0
'

ment wall due to cap. = 0.295 ft. at at at atinterference with Max horiz. displ. A =0.75g A =0.75g A =0.75g A -0.75gH H H Hauxiliary building

10 Shear failure at Lor.g. shear 2.40 1.40 1.0 1.0buttress plate cap. based on at atfriction and A =0.75g A =0.85gH Hreinforcement
Max. long. shear

. __ __ _ ._. ._._. .____ __._ _ -____ __ _ _ ____________ - _ _
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Table 5.7 (Cont'd) ;

(Direct Limit States) H = 1.0g (Except As Noted)
Capacity Margin Factors for Zion Containment at A

(See Note 1)

Code * Descript1cn Criterion Tasks
3 4 5 6

3 Failure of prestress-
- - - ~

ing tendons
a. Circumferenctial c /c 2.05 1.78 1.48 1.72

y

b. Meridional 1.94 1.73 1.62 1.69

8 Failure in contain- Pull-out capacity

ment wall at per ASME >10 5.70 NA NA

penetration Axial force from disp.

Strength of strap
anchor weld NA NA 1.90 2.30w

. J. Effective weld force
from disp.*

|
! 7 Through wall crush- 0.002 6.8 Not critical because
! ing of concrete Average comp. strain of pressure

j when wall thickness
in comp.

>10 >10 >10 >101 Failure of steel 0.02/cprincipal
liner at at

A =0.63gA =0.34g HH

9 Failure of pretension- Shear capacity 3.60 >10 >10 >10

: ed bolted connections Max. shear
| _

at equipment hatch

| * Refer to limit state identification number in Table 1.2
Note 1: A comment sistlar to Note 1 of Table 3.9 applies to this table also.
NA = Not applicable

. _ . . - . . . .. ..- . - _ . . . . - . ... - . _. . . - . .- - . . . . ~ . . . - _ .-



_
_ _. _ _ . _ . . ,.. _ s. -

- - = -

, g. m-
,

,
- - -

- . O. 3
- - .

- "r
,

,, '6 s ~-

Table 5.8
.

-

Capacity Margin Factors for Zion Containment at AH - 1.0g
.(IndirectLimitStates)

(See Note 1)

Code * Description Criterion Tasks
3 i ! }

13 Bearing failure Ult. bearing 1.80 1.80 1.80 1.80
of foundation capacity

Peak average
pressure

14 Failure due to Frictional resistance 2.20 2.20 2.20 2.20
sliding plus side pressurem

h differential
Peak horizontal force

* Refer to limit state identification number in Table 1.2

Note 1: A comment similar to Note 1 of Table 3.9 applies to this table also.

J

':)
_,_..-...._...--_.._.-----j?

-
-



. - . -- - - - - . - - . _ _ - - _

|

|

|

| |

| j
1 2'g"

2'8"i o

|
~

n

48' %" liner 94.5' red.
/.,._; _ _ _ _ _ _. y_______

o ;; ! / i

i '

|i Reactor
in

|8i Spring | ||

| | building-'

line | )'
' | i|

i i I | !

| %" liner | 1 | j
'
,

164' || || | )
i I i i i 1

i I | )' I

|| I 1 '
i

i 8 | 3.5'4 L.3.5'
!I 140' l.D. )i

i , , i

||i-Buttress i i Wall | Grade !
|-buttress-;i I l' t

i - - f-G WL 011'" ' i '

{iGranular i i , -- - - - -

,' II"''

[24'
"deposit ' ' ''

;9,

$ 7, 4 U 16' -M "o
___

26' '" ~
g' o

Glacial
_ 78.5' _ _ 78.5' .

n i@ deposit !2
~ '

E i
157' Tendon access 46, '

- gallery ng

Dolomite i- g
bed rock i

,

o

Figure 5.1 Schematic of Zion Containment and Its Foundation I

,

I
*

|

|-
!

I s-21
;

,

|

_ _ _ .. - . _ _ . _ _ _ _ . . . . _ . _ . .._, . -,. - . - . _-



. .

N

!

!

I
1

Y |

H o.1' J+- c.1' H
I

o1 El 755.3' !

!

,I
El. 729'

o2

Containment !
o3 j

'
,

o4
:
;

o 5 !

l

o6 |

|
,

Reactor shield o 7 Exterior ring wall j/50 b4 53
El. 617' I': o[ [o 8

.

o49 520 |
,

o 9-- -. El591'
o48 51 o Grade

'

"
11 12 14 16 17 18 19

a El. 56B' i

28 25L. 33 34
El. 56B'

y Center of basemat
,

35 ' ^ ^ ^: -

21, 22, 23 24
-

25
-

26
. ,

27

' '
y ' 44 wi :::' 20

h l j, p El 560.5'
' '

, ,

ar pr rv re nr er rr rv
36 37 38 39 40 41 42 43

|
127[|_ 38.36' _

t

I
7
- ,_ _

51.13' 20.62' I
= ~ 1

]71.75'

|

Figure 5.2 Seismic Model of Zion Containment
a

!

5-22

1

._ _ _ - - . _ - . .- --. .-_ . _ . _ _ . _ _ _ -_ .__ ~_ -

_



, . .
- v

'

,

{

Moment x 104 (k.h)

Ta

p(s.sks 3 and 4e N.e ,,
,, _

15 -
Task 6

1.I (m NMe 1)Gross

b Task 5
(see Nde 1)10 -

@
@ M , for Task 3e

@M fw Task 45 -
ct

@ M , tw Tad 6e

@M for Task 5er

I I I I
3 __

o 0.1 0.2 0.3 0.4

Curvature x 10*4 (reWM)

Notes:

1. The indk:ated diagram applies when AH s high enoughi

to cause cireurnterential cracking in concrete.

E. l.h = Moment when concrete is on the verge vf cracking.

|

Figure 5.3 Moment Curvature Diagrams Used for Element Number (910),

| of Zion Seismic Model for Tasks 3 through 6 !

,

I

I

5-23 !

,

e - - - - - - -- __ _ _ _ _ , , _ . _ _ _ _ . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _-



[- ,

|

I
'

i

|
|

f

i
:

.

ratsutuct tu ces |SS.0 90 9 80 0 89 00 19, g.'s {>a a 1 nin n a n n a n n n n 1 n n e n n nanensi,n,,'. , n ,
i=;si 1 Iie y vvv isa y ai1 011 y u g i s a y viai a y vvv ii ,,yI ai -.
|:
!16 0. .;60 ;

.

.

."
.

".

10+:

;
.;0.o

0.O' |
..= >

:
~

:.go-
.8.Z :.to

"y - .:.to
.

4.te '

-

8.Z' '
,

- :.co |. .

,i.-
.

$ t.=[ [:.go-

g :
e t.Z"

:
~
;.0c~

Free field Ground $pectrus "

l 5 : / ,

:.

g t.-. ...so- : / /N :

h '0._
.

+ -b , "e
.e, n y ..

,'' ~ " ~ ' ' ,# N 3
*

_

-. - g s --

xi, .o .- ..so/ / \
,

-

... ,.. -o. . . +o-; , , 3 ...
. "; J 8 ,

.o.::;.- -

::.so
" '

f _-
,

,
'; Basemat sp eti um

'
~

o.=_
. :.so: - :

}
.

o. : ":.is '

).
-

~
e.sc e- :.ie ,

;-- ;~
o .. :.

.

o .--
nani 4 i , ,, ,,, n .. in.. n ... n.. n n inn i,. ..n.

*.te
,,Y.o , n . .

. . n i , ,, j
e.es o.o. o.oo o.oo o.io o.is e.no o.so e.oo o.se o.co 3.e i.s 3.5

PCA!DD IN 8tC9WD0

.
I

Figure 5.4 Comparison of Horizontal Response Spectrum at the Basemat
et Ag = 0.25 g and the input Ground Spectrum, Damping = 5%

1

5-24

|
|

I
- -



. _ _ _ .

l' !
'

!
.i
i!

!
,

1

i

i

!

!

FRt9Ut#CT IN CPS I

80 0 N .0 40 0 00 00 80 00 .

i i i i n e i i n 1 i e i iniaiiii i i i i iM .. s i n i qi e i 6_,.
i

- -ieir vivi e i i i sii 1 iie rivi iiei iiri i i uii sui iii1 vri

!

w.:: ::0 0 !
. .

,. .
.

iit.::
-

;00
. . ,

0.=: : : .m
: : .

8.= :.W
. ,

'*"
} '"' ree field Cround SpectrumT. .

4.= . 00 t,. .
'\ 3E . - ,-*y '

O.=. ,.. m ; .=
. . . . . . .

.
, .

R ._,. '

9-
- / t 1* -

, .g.. .

I_.
, . . j % :

s ., 3
' ': ,f . 00
." x_ .

e 8.-,
**s )

s .,

. . -

5 g. **' )' sy i-
' -sv . s

5 l ._- g
.M..-

..

E 0.es~- -- :.M
b-Basemat $ nect1 um >g= "

~ ~

0 :.M ,

0.% : 00
. .

8.Z :.40*
. .

: :
,

::.w :0.=: -

. >

-
'

. .

O.Z .M.

0.l:~
::
"

?.10. ,

. . ,

. . ,

8.l;. .

;.it
,, . ,

. . ,

0.=~
"

:.N
.

,

9.=~
~

:N

T.se' ' ' ' .s'0 ' .00 ' ' ' ' .w' J ' '
' ' ' ' ' ''' ' ' ' ' ''''~^ 00

~ ''' ' ''' ''' ' ''' ''''O *-
0 0.04 0 0.e6 0 50 0.ts 0.Se 0 0.e4 0.e8 0.e8 t.0 .0 0.l*

PERIDO IN SEC9NDS j

t
, 6

!
'

Figure 5.5 Comparison of Horizontal Response Spectrum at the Basemat ,

at AH = 1.0 g and the input Ground Spectrum Damping r 5%

<

S-25
4

f.

. _ _ _ _ _ _ . _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ ___ _ _ _ ._.___.__ _. _ _______._.._____.______.-_.__._______ __ _.__



- -_ - . ._. ._. -

I

l

|
1

1

i
!

I
i

!

e |racewecy IN ces'
1es.0 so.e 60 8 e.e e.e 40 e l'- . . > > inni>>>>i i iii i . . . ii>>ini, i i iii _ '

.
$ >I I I I ITII I I III 1II I IIT I1II I I 'I TTII I I I II III I I IT IIIm -', :

St ." : |,;e.e ;
,

.- .

. "

le ." .

;e.0,

- ,

e=: : :.m
-

|:
..: : :

:.es |~

e.- .

~ ..as {.
4.= ,

:.es j
,
- ,

e.:~
*

1
,":.es ~

- .

g . .

e.0 .
-g ;.es, --

5 : ,

~ : Ie10. .';.se
;a c 'ree Field Ground Spectrum

"

-
~ .a

/'55- *** |

,
-

e L. A M,: -

,,,g- - -

:

I.e'__-
e, a 1 D

.#

..se !

.,

. ' i .
v ..

O"
_,, f / \/ M-.

' se
."-

.T / - a
-

V * A- ~

-...

. as__ j y s 3 ; ..

* * ' _
'

_.

\ 2/ \e._ - _ .
. as .i

- T ..

. >| -Ess-mat $1 ectr um ( *

eC = ;.es,

\,:
,

! :e.i: :. .
V. ::

-
..

e.t:
.

,;.no.
-

; ::.m
. ,ec -

.e - -

.es i
,,_ >>>> >>>i i i i in .. iiii niin iii>! simi i i >>> ... iiin inir.,,,

'

T.se e.se e.04 e.se e.se e.ie e.se e.se e.se o.as e.se e.se s.e i.e e.l
PERIDO IN SEC9N08

F1aure 5.6 Comparison of Vertical Response Spectrum at the Baserrat at Ag: ,
0.25g and the input Ground Spectrum, Damping = $% '

t
4

i
i

|
J

I
5-26 i

l

|
|

)
.. . - . .. ___



- -. _ . - . - -

l \'
t

'

\.
\

\>

....i.. i . . i . .CY. IN CP.
Ffittutes

.. . i i . . . . . l ., . . . . ._',.. l...4 .

1 . . . . .. . .. . .. 1 i ii viis i i iii ius iiii sivi iiii sivi i i iii ivi iiii vii=

l . .:
, [:...*' '

. .

.

.-.

l. .;. . . .
.

..= |: ..
. .
. .

:....;;. .

''.. ' " g ree Field Ground SpectrumF .-

: ..4.=.

! ..
.

i /vm L"8 . _- ' s y w :
*

: '...
e ''_ s . / % _

I. .,",

': :.
_ / \/ N/ "li .] -

. . .
._ ..._.

.-
, . s .s v\

.
. :.- .. -. .

* .- --
.

-

-: y g- :

I..=
: ::

\s
_

-3.. rmes s .ecti um :
. . =. u:: .

,
.

...: .

. .

. . = . :.. ':
:: ....=: .

. .

. .

. . =.
.

:
.

--
.

: : s

.. :- - --_ ....
: .

'

:. .

. . .

:.i... :. -
.

. .

. . =: :: .. :
. .
. .

: ..
. . =. . . i . .... . . ... ... .... .... .... .... .

.

i. ... ... .... ... .

v.. .. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , , .,
1

PERI.0 IN SEC9NOF !,
5

.

rigure $7 Comparison of Vertical Response $pectra at the Batmat at AH* .
'

1.0g and the Input Ground Spectrum. Damping * 5%
,

!

,

6

5-27 -



i

l
l ',

I I,
I

|
<

\

L

Y.dttpiggement (ft)e '

i

j 0.10

'
- Uphti- t

i
4

iP 1P

0 06 -

Lht of eno may 6;veng (G 02 ft) -
,

t
ir

0.00

I
.

!

0.05 -
1

,

t

i

0.10 -

t

-0.15
i , , , , ,

0.00 1.00 2.00 3.00 4 00 5.00 6.00 ?.00

Time (sec) .

!

;

,

f

Figure 5.8 Vertical Displacement T!me History of Node 20 of the
Seismic Model at Ag = 0.5 g, Showing Basemat Uplift

|

|

x. 5-28
1s

A
N'.



.. _. .

!

|
,

|
I

i

Y Wlopl6coment (ft)

0 60
!

i

|
'

1

0.40 -

- Uplitt f

II - Uptitt

0.P0 = 1I |
- upi.fi )

,' - Uma of one way spnng (0 0?9 ft) >

4' I

__2_________g______A.___________________. !
0 00 :

!
!

!

4.20 * ,.

!

.

,

[0 40 . . . , , ,

0 00 t .00 2 00 3 00 4 00 6.00 6.00 7.00
'

vme (sec)
!

!

f,

1

i

f

Figure 5.9 Vertical Displacement Time History of Node 20 of the
Seismic Model at AH s 1.0 g, Showing Significant Basemat Uplift j

!

,

b

v

5-29

. _ _ _ _ _ _ _ _ _ _ _ . ._ -__ -- _ _ _ __ _ _ _ - _ _ _



_

-

. . . _ _ _ _

;

!

I

FM90ENCY IN CPS |
90 0 00 0 10 0 50 00 10 06 !

00.":'iii v 'i i s
' ' ' ' ' ' '

's i e i e'i i v 'i i i i i i e' i s' i''', '

v 'i i g 9
' ' ' ' ' ' ' ' ''''' ' ' ' --

i i iii iiin i i 1 i iii
v : .

14 0,, ;6 0
"

-
-

.
-

-
.

10.:.
. ;00'

wt- h oil t unit ft :0._. .
, 00 f..

le I g
-

.

9.=~ -. -- B.00

;.00 !
~

5.= fy-
-

, .

', .:.00 ;4.=_
,: , , : -

8 .C:~ ' ^^ ":.00
b ,' / hn

$ ._-". / \* -

0
a

..00, y y -

.

. i .- ; .. .

- v j k.:i.___
/ 3.; .00

-
~ -:

*~
: vith upli ft # "''

040 [
~

; 00

0.= :.s0 !
. .

0 40 .:.40 j.

:
0.%~

:
'

* :.00
- ." r

,

~

0.Z_ ",:.30
.

: :
~ ~

01". ;.16
. .
. .
. .

0 10,. :.10 |-
,

0.=: ":.00
. .

0.=~
"

:.0s
"I t 1 i iiff f f f ii iIi i1 ii Iiii iiii i1ii i 1 a 1 i iit iiI a iiIi . ,

"

T.0: 0 0s 0 04 0 00 0 00 0.tn 0.is 0.e0 0.a0 0 40 0 00 0 00 s.O .s 3.5
PERIOD IN SECONDS

rigure 5.10 Compar. son of Horizontal Response Spectra et Node 7 of th)
Seismic Model at AH = 1.0g Showing Eff ect of Uplif t, Damping =
5%

|

|
4

|

,

5-30

_ _ . _ _



<i e
t

i

>

,

,

6

FRESUENCY IN CPS
M.0 $0 0 30 0 , s .0, 00 g.0 96

$$,-:i a a i inniniini i i ,
' iii iisi i e iii iii iiii iiii

- , ,
, ' , , , ''''''iin i a i i -e9 .,,, , I i i i i nn ieii sii.

. : (
ns.s~--. :s.0 [

'

}
,

-
"

.
.

t0.0,.
.

;0.0 :
: : !

8._-.
. :.00

-

9.=,
.
.

:.00
vi th u *1ii t" as .g,-- :.00#-

j
- A

.

4.",,

/ / \ F \M !
""

i
._.. ::.008.=

$. 0. ..- \[/
-: .

t m
.-

'.
,

.f% / v J.00
'

.'g
--- L. ,/

:-

.
e l *.-,. ,%-, . '- , ;.00-

. ' * * * 4
= ,

. ,g
- ,.
>~ '

-
"

5. 5 -
-

-{- _. .
y :

t ; .4 -

: 1
.

0 .

\..
,.#1g =--

.

:.4
-

,

0-
\ Wit ti c u t ue lifi (

~:.60
,, .

--
,

0.*:,.
. :.40

- -
-

3.Y ::.00: .

.- '
.

O.M. . :.00
:

0.t:~ i
:.16~ .

-
-

.-.

0.t:. . :.40
: -

0.=~ :.M
"

-

0.=- :
"

0.h'0.g 0 ' ' h,g'0'' ,,,' ' ' ',d'',,,,' ',,,,' ,, ,'i,,' ' ' ' s' ' ' t .
'

'Y.st 0.os 0.04 0.o0
g

g ,
i

PERIDD IN SEC9N08

Tigure 5.11 Comparison of vertical Response Spectra at Node 7 of the Seism 4
Model at Ag = 1.0g Showing Eff ect of Uplif t. Damping = $%

i

|

S-31

- _ _ _ _ _ - - -_ _ _ _ _ - _ _ . _ _ _ _ _ _ _



. .
, . - - .-

4

FRt0UDICY !si CP8
N.e es.e le.e e.4 e.e i.e See

iiii nimiini i i i ii i i i i nisiiniin i i i i -*,gg .
- .iiii vii, i i ivi ivi iiii nii iiii iisi i i vii iiii ving

.' je.e"to.
.

. .

. .

le." .;e.e.
. .

4 SC[ [:.es
e.= :.Se

. 1.

or :.se '*
. .

,

4._ , se '
. ,

i SPect rum at Nod 1< 3 je go.= :.m i,. .
. . ,

a f'h : '

2 ._ .

/ \,
:.se 1

I !
.

. t .=. , -:n.es |
i

". .

.s -
*
-

;
.

5 * *- ''
- : /r. \

- -

:e_ 00..

_E # N - s, s
) i .. , ,. .,'Z- s# 's. %

~

,.,'"
-

e ..se

o.Z
. N, , .

's% :.40 J. f.

/: s \ :e.
.

' "
; :.se |

*

f- -..e , .

E-- N-- "

|
e. ~. - B88828% 8Pectrum _ . . . _ _ ____ _ t . .y.

,.

: : i

; ; ;0.i: :.,e

. .
~ ~

. . !,o.t; ;. te
p.= ~:.00 |

.

.

e._ . 00
_" "

.iaa iinn i i iii in iaii avia iiii vi ivi i i im i nei n eie
~~ aini."''T.se e.se e.e4 e.se o.e p .se e.s e e.se e.se e.4e o.es(o. coa.o i.e e .)*

PCAls0 IN SECtest 1

risure 5.12 Ccrnparison of Horirontal Response $pectra at Node 1 of the
$eismic Model and Basetat at Ag = 0.269. Damping = $2 -

,

P

W

5-32
,

- -.



. _ _ _ _ _ __

,

|
.

!
,

i
t
f
P

t
F

!

!
,

t

,

PRttutNCY IN CPS -

90'0 es.e 10 0 00 00 10 e.e f
a a a a ininnann n ,i a ,n , a , ,a n a n i a n ,i a, ,i, ,a , n , , , n, , . _n i a ,gg,-

9ti1 e1 viii i i eie iv iii vii. 11 , i i ,, ... ,
: .

. - '

60 0. .-se >
* a |* -

" '

60.: . ;, ,,
|

.: :: >
'=

!.e _:.' :.a
.e.w ~^' *

. ,
,

O'O 0.st: ,

: ,

bO :.se t
~

. *.

#' Spec run at < ode ! i"
-

2 -- !/ -

I ,'" ! >g ! !
*

.im.
3

-

:

E i w
-i t '-55*-' - -'m' \1 . .eM% _ 5 t

~ i~

Ig,*'-.
>

:.00. j - p ,q .

k "
/ is J V +

r ,g. .i f :.es $-.
-

Lsg . -- _ :.se, ,
I T, -e. . .

_! ./
' *

-. - -
\ \

''
.

:.se :s 3._ _ .

( EI #
Basemat spectrum=

t4, ,g ,_ . so: ...

: : i
'

s.t: -:, ,,, , '
: V

:
-

.
''*10 : :.to i

+

,'--. : :.ge >

. .,

e-~
'

'

e .' :.se-
'''' '''' ' ' ''* *** *''' '''1 aaaa aain a a aai ain aaai i n a n"

. "et o m s.04 e.se e.se e.se e.is e.se e.se e ee 0 0e e.se i.e t .s s .t*
PEAL 90 IN SECON00

i

1

tiaur, 5.13 Comparison of Vertical Response Spectra at Node 1 of the 5eismic
'i

Model and Basemat at AH = 0.25g

l !

i

,

,

5 33 i

. -



t

i

,

,

1

FRC00CNC) IN CPS
to.0 00 0 40 0 5.0 00 10 06 i

A- ' ' ' ' ' v' i i i i i v 'i i i ' ' ' ' ' ' s' 'i i i i i i i h,00 0 !' ' ' ' ''' ' ' ' ' ' '' ' ' ' '
;1ii1 ii i i i i iii iiii iivi i i ii ,

: : I
;60 ?St.:. . ,

. .

. .
.

. . >

;0 0 |St.:. .
. .

'

0.=" ":.00
: Basemat spectrum : ,

. 00 t0,_ .
'f ..

O.= :.90
-

[ ..
x n .

r

**- '*
/ T d

" : \ #***,, .'s/, h"

\ ,, , 000.__ .. ,

/; ) '' [ '\ :
:s

*

g : -,-
, . . .,

0_
I ._ .

p /
.

( .
.

: ,e* 7 s 's _ \
.

. 00. i .m

.

q 3_ ..

58_
_ JY g

. ''- -- '-
= : si cetr o,. :t 'f o d e 1 'a

909._ .._ . .

,. .

0.=: ::. 0
0.= : ..

,. .

4.= :.40, w

: :
0.Z"

'

.00
. .

. .

0.=: ::.e9 -

: : -

0.l:." ":.15
.

. .

. .

. .

8 10. :.10
.

*"---.: :.600 00 -

. .

. .

0.= -D.00
* "

_ a iii aiia a i iii iii i nii iaii n eii iiii i i iai iai iiae i e i i . 00 |g,T.Se 0.o0 0 04 c.oo o.oD o.to e.t6 o.ro o.sc o.so 0.co o.co 4 0 n.s e .b. ,

PERISO IN BECOND6 |
|

|
4

Tigure 5.14 Comparison of Horizontal Response Spectra at Node 1 of the ;

seismic Model and Bastest at AH'ID

,

.

5-34

_.



c .,~ t

I i

!

1 I
L ,

|> .

,
'

67 _ _
El. 778.33' 3

-- -

60 ;

i

8 ,

!
,

El. 752.338' !

;
'

a < '
i '50 :
< > >

o - El. 731' |

0 - El. 727' i
,

|o
e

o ;

o
e

'

o
i

o
,

,

i

<I

p i
i

'

o40 i

o t

i
8 g o

3 sj [ o ,

n. O o - El. 628' |
.

,33 1}
N o,

;

,

<>

| 010 g34
o

, , ,

l'

09 015 0
|
t

UB o .

!01607e i ,30 -- El. 576.5' '

i >

o i i29 - Et. 568' !

" 25cd ,, 000 : L : :: 0 26 - El. 560.5'
S 17 18 19 20 21 22 23 4 >28

'
[704

|.

- El. 534.5'g.
I a

2 ,

,

. t

,

Figure 5.15 Axisymmetric DYNAX Model of the Zion Containment i

t

'

5-35

__. _ _ - _ _
_ _ - _ _

.. . . _ . _



_ .-. . .-. _ . . . . - . . .

'

s

Cepeelty margin footet Note:
The laminated element in TEMCO cannot be loaded

10.7 beyond Ag = 0.34 g since tnost concrete lanmas have.

cracked and the already yielded teber cannot pkk up
tension withoet a sharp increase in strains.

10.0 -

-

8.34

-

!
-

6.3 '

5.8 |~

5.53 i
6.43 I

hi- 0.34o g !s.0 -

(see note) g !

I~

l
i

I,I
-

g

,I1 -

l <

I ,
-

I i
l
I1.0 -

|
1

-

,

I k1 I I I l
;_.

o 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Acceleration, AH (9)

i

!

:
i

Figure 5.16 Variation of Margin with AH fo* Reinforcing Bars '

In the Containment Wall Under Task 5 Loading -

.

h

!

t

,

5-36

.

. -- , y, - - - - - - - - , . - , - - - , -



.~

A- .

i:r

;

i

!

Capachy margin footer Note:
The laminated element in TEMCO cannot be baded [
beyond AH = 0.63 g since most concrete laminas have

26.0 -
cracl:ed and the already yielded robar cannot pick up .

tension without a sharp increase in strains, j

!

20.5 I

i

20.0 i
-

!

16.8 |
!
;

15.0 -

r

i

,

10.0 -

:

7.2 i

|6.5
6.1

5.0 - '

, AH = 0.63 g
i

i (see note) :
I e
i
i !

I I I I i 1
1 :

0.1 0.2 0.3 0.4 0.5 0.6 0.7 !
0.64

Acceleration, AH(9) {
.

!

!
.

Figure 5.17 Variation of Margin with AH tor Fielnforcing Bara r

in the Containment Wall Under Task 61.oading
t

i,

| r

! !

'

|
i,

|

.

b

5-37:
1

_ . _ . _ _ _ _ _ _ _ __



{[ ,

l

I
l

L |
t

cepecity mergin lector

5.0 -
,,

l

)4.44

i

4.0 Task 6

i

!

f3.0 -

!

2.62 |

,

;

1.86 Task 5
'

2.0 -

'
1.47

I
i

1.0 et 0.39 g 1.0 at 0.77 g i

1.0 -

!
!

t

I l | Io
0 0.2 0.4 0.6 0.8 |

!

Acceleration, AH (9)

.

i

Figure 5.18 Verlation of Margin with AH for Transverse Shear i

in Containment Wall Under Task 5 and 6 Loading

:

,

.

|

5-38

- - , - - . . .. ... .- . - - . - ._. -.



. . - .. - - . . - - - . - - .- -

!

t

!

l
!

I

i
,

!
!

!

Capacity margin factor |

it

i
,

3.0 -

,

!

;

i
t

2.0 |
-

1.62
1.49 i

1.38
3

1.29 '

!

1.0 - - - - ~ ~ - - ~ ~ ~ ~ ~ ~ - - - - ~ ~ ~ ~ ~ ~ ~ - - '

;

e

,

i

i I l I [o
0 0.25 0.50 0.75 1.00

|.
Acceleration, AH(9)

i

:

!

!

Figure 5.19 Variation of Margin with AH for Transverse Shear i
in Basemat Under Task 5 Loading

|
.

|

.|

5 i

i

>

|
, t

k
l .

5-39

>

_ - - - _ _ . - - - - _ _ _ _ - - _ _ _ _ _ _ _ - - _ - _ _ _ _ _ _ _ _ _ _ - .--._- _ - _ _ _ _ _- - - - - _ - .
--



__ __ _ _ . _ . _ _ _ _ _ _ - . . , . _ . _ . _ _ . . _ _ _ _ . . _ _

i

i

1

|
!

l |

|
;

I.

1

'
~

v
.

I

(f Containment
1
,- _ _ - . ..
;

i

,

:
t

; d' i

!

,

;-

,

i-
,

| North IAuxiliary Building
!

N" {
t
.

$ !
!

i

Y Y f
!

!
;
,

Figure 5.20 Arrangement of Buildings at Zion Station Showing the
Proximity of the Auxillary Building to the Containment

!

!
,

P

k

4

5-40
,

!

. . - . - - - - _ - , _, __ - . . _ . _ ._ . _ . _ _ . _ _



.- ..

t

i
!

l
.

,

f

i

i

Redlel displacement (feet) !
t

0.20 0.16 0.12 0.08 0.04 0 ;

Elevation # ' ' I I I I

(feet) !

681.3 1
[p r .

671.4 1
42

661.5 +
i,

651.5 1
P

10642.2 1

632 9 1
38

623.6 * P =1313 Mt
'

P = 1080 Mt37
614.4 + P = 913 Mt ;

k605.1 1 P = 524 Mt

,.3J5_. P =315 Mt

Task 3

,

565.0
,

,

,

,

,

l
!

'

Figure 5.21 Deflection Patteln Under Ring Loading Due to Potential '

impact Between Auxlilary Bullding and Containment

|

|

5-41

1. - -



- _- . . .. . . . _ -

Impact load (k ft)

d
1500 -

~

Task 3

1300 -
_

.r

1200 -
Task 5

1100 -

|
1000 -

,

|

900 -
;

|
800 -

|

700 !-

600 -

|500 -

J

!400 -

!

]300 -

200 -

100 -

!iy0 8 I I I I
'

0.0 0.05 0.10 0.15 0.20 0.25 0.30

:

Deflection (feet) ;
i

, e
'

!

f

.

FIOure 5.22 Load Deflection Curves for Tasks 3 and 5 Due to Potentisi >

'impact Between Auxillary Building and Containment,

,

|.
|

!

!
i

h

|

.

b

b

5-42

._ _ _ _ _ _ . _ . . _ . . . . . _ _ _ _



~ .. _ _ . . . . -. - _ . . - . . . . - .

+ .. j
L ' i y

.

'n
,

1i

i
"

) -

|

{- ,,-
'

i
.

o S .

.

') '

'*

# - h i
%= d

, 4. #8 f.p!MI)
- i 4

# _ ,. ,'

- - f
4

I
_ , f

',
(

__

H ,

, 4

Liner plate anchor w & -
,'*

,

, ,, , ,J. E
'

P au #10
p '>

i .* { ..

) i, ,
*.

i * ,- # '
,,

,
'

., g i.*

)~t
e

p. 6 i * ' * .

% buttress 120'O.C.
1

** ',
_ 9 - --

3 { 3/8. inch permanent,

steel form plate" * #

h h" #10y b

'7 D
,

\
,

>
.*

I .

en * *
l e'

: 4
3. #8 C at eacn trumpet,

P'
h j (typical)'> ,

,, ,
II, -

,

|
*

-' a

[ \\\ U --

n .

i
Liner plate > '

,, 1\ 3-- . .

,

t --
~

|
,,

., , t

l I
'

k,

p t t

wJ1
-

90 1/4. inch diameter ,

wire BBRV tendons

Figure 5.23 Details of the Vertical Buttress Plate
| and Reinforcing in the Vicinity of the Plate !

5-43
..



. ._. . . . . - . ,

4 fa

4 .:

,.

j

u

.

'
,

Capacity margin factor

!

!

|t 3.0 -

|
+r ,

i2.0 -

1.7 ,

\>
7

1.3 |;

l.
i 1.0
'

1.0 - - - - - - - - - - - - - - - - - -------

0.8
i

, .

[, .

~

I l | |n
0 0.25 0.50 0.75 1.00

Acceleration, AH (9)
,

f

.

L

Figure 5.24 Variation of Margin with AH for Shear Resistance!

at the Buttress Plate Under Task 5 Leading

,

4-

P

I.

1-

t

.

*
e.

'

5-44

- _



,.

6

,.

.'
;

t

(,

Capacity margin lector

i

3.0 -

,

u

2.0 -

1,64 1,63 1.63 1.62
>--

i

1.0 -

,

I I I I0
0 0.25 0.50 'O.75 1.00 *

Acceleration, AH(0)

!

Figure 5.25 Variation of Margin with AH for Strain at Merldlonal
Tendons Under Task 5 Loading

i
,

1.
I

5-45

_ _ .



._. __ ._ .. _

!
t

4

'

~|%
.,

3/8 in x 1 1/2 in. x 1 ft 0 in. atrap |

| anchors at 1 ft 0 in. O.C. (8 total)

1 inch flange plate -->

I pi
I 28-inch 0 Sch. 40 sleeve
! i- -
,

,
.!| |

I i
,

$ $ 8-inch
'

Leak test channelW
q Y mirimum

a

v

|

|
v :

-s - ,

ta a
I' 3 ft 6 in. "I

Figure 5.26 Penetration Details for the 14 inch Diameter Service Water
Line at Elevation 604 Feet 5 inches of the Containment Wall

5-46

._ . . .. .. . ..



.
, ,

,

'

,

P

i

| '-
t e

Capacity margin factor J

6.0 - ,

I
..

.

5.1 t

h5.0 -

!

,

.

g.

4.0 -
,

r

3.3

3.0 - *

2.5

2,o 1.9

i

*
\

$1.0 -

1
,

6

I'

I I I IO

|.. 0 0.25 0.50 0.75 1.00 *

L

Accelefellon, Ag(g)

!

Figure 5.27 Variation of Margin with AH for Pull Out at f
the Penetration Under Task 5 Loading

i

l

5-47

- _



- ._. . .. _ _ ._ .

[. ' : 3 i
'

1 t
n

,

!
'', L

''

- Capacity margin factor i

6.0 -

.i
|

5.28 |

5.0 -

1,.

i.

1

d.0 -

|

3.32
i-

i

3.0 -
,

:>

2.33

t

1.812.0 --

!

>

1.0 -

?

I

e
.

I I I I
O ,

0 0.25 0.50 0.75 1.00

Acceleration, AH (9)

.i

i

Figure 5.28 Variation of Margin with AH for Bearing Pressure
Failure of the Foundation, All Tasks

1

1

1

1

1

;

|

J5-48

.

_ ___



i

i
I
;

6. EVALUATION OF SEQUOYAH CONTAINMENT

6.1 Description of Sequoyah Containment and Shield Building

Figure 6.1 shows the Sequoyah reacter building elevation. The contain-
ment vessel is a free-standing steel structure consisting of a cylindri-
cal wall, a hemispherical dome, and a bottom liner plate encased in
concrete.

The containment structure consists of side walls measuring 113 feet
8-5/8 inches in height from the liner on the base to the spring line ?

the dome and has an inside diameter of 115 feet. The bottom liner plate
is 1/4 inch thick, the cylinder varies from 1-3/8 inch thickness at the
bottom to 1/2 inch thick at the spring line and the dome varies from
7/16 inch thickness at the spring line to 15/16 inch thickness at the
apex.

The containment vessel is provided with both circumferential and
vertical stiffeners on the exterior of the shell; see Figure 6.2. The

circumferentic.'. stiffeners are spaced at approximately 10 foot centers,and vertical stiffeners are spaced at approximately 4 .

The bottom liner plate is encased in concrete. It is anchored to the
concrete by welding it continuously to steel members embedded in and
anchored into the concrete basemat.

An equipment hatch with an inside diameter of 20 feet has been provided
to enable passage of large equiptent and components into the containment
during plant shutdown. Two personnel access locks are provided for the '

containment vessel.

The shield building is a reinforced concrete structure surrounding the
steel containment. The cylindrical wall of the shield buildirg is
supported by a circular basemat, and is covered at the top by a spher-
icai dome. The shield building is physically separated from the

| adjacent auxiliary building and other structures. The cylinder wall of

| the shield building is 149 ft, in height. It has an inside diameter of
| 125 ft. and a thickness of 3 ft. Conventional reinforcing bars were used
| throughout the structure and were placed in a horizontal and vertical

pattern in each face of the wall. Reinforcing steel in the dome is
arranged in a radial and circumferential pattern.

The basemat of the reactor building is a 9 ft. thick circular reinforced
concrete structure, 131 ft 7 inches in diameter. To prevent hydrostatic
uplift, the basemat is anchored to the rock by e concentric pattern of
155 fil reinforcing bars grouted 15 f t into rock near the outer peri-
phery of the slab. The slab is further keyed and anchored into the rock
in the central portion by the 8 f t. thick walls of the reactor cavity
extending a total of 27 ft. into rock.

The basemat is founded on rock, which consists of alternating layers of
hard limestone and softer shale. The rock was pressure grouted on 10
ft. centers to a depth of 45 ft. to assure a solid unyielding base for
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support of the reactor. The shear wave velicity of the foundation rock
is 7000'ft./sec.

6.2 Analysis for Gravity Pressure, and Temperature Loads

The shell stresses were calculated using a combination of longhand
calculations and CBI Computer Program E0781A, Kalnins Shells of
Revolution Computer Code.

The meridional stresses due to gravity load were determined by dividing
the accumulated gravity load at each elevation by the total cross
sectional area of the shell plus vertical stiffeners.

The internal pressure stresses were determined in two ways. In areas
subject to. geometric discontinuities or to thermal gradients, the CBI
Code E0781A was used to compute pressure and thermal stresses. This
computer analysis was used for the embedment zone and the top of the
internal insulation zone, i.e., from the top of the base slab (E1. 678.3
ft.) to El. 720.5 ft. The effect of stiffeners was also included in the
model for this analysis.

,

The hoop pressure stresses in the remainder of the cylinder were
,

determined by use of longhand calculations. Stresses between stiffeners
were determined by use of the equation, h = pR/t, whereas, stresses at
points at or near stiffener were found by h = 0.8 pR/t, where t is the ,

shell thickness. The knockdown factor of 0.8 was an approximation to
account for the localized effect of stiffener.

The meridional stresses due to pressure were determined by a$fect= pR/2twhere t is the equivalent shell thickness including the e of
stiffeners.

Tables 6.1 and 6.2 show the hoop and meridional stresses due to gravity,
pressure, and temperature loads, for Tasks 4 and 5, respectively, at .

various elevations on the shell.
|

The minimum specified yield stress of the containment steel, which is
0SA516 Gr. 60, at Task 5 temperature of 360 F is 27.8 ksi. At a pressure '

cf 24.8 psig, the hoop stress in the containment shell at elevations
| 764.8' f t and 781.0 f t is 27.4 ksi. Since the maximum stress intensity
I at these points is very close to the material yield stress, this

pressure of 24.8 psig was adopted as the Task 5 pressure.
,

Because of the small difference between this pressure and the Task 4
pressure of 10.8 psig, no separate calculations for Task 6 were made.

| 6.3 Seismic Analysis

6.3.1 Overall Seismic Model

Figure 6.3 shows the overall seismic model used for the analysis of
Sequoyah containment and shield building. The details of constructing
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this model are described in Section 2.1.4. Additional information
specific to this centainment is provided in this section.

Since Sequoyah centainment is founded on rock, foundation properties are !

considered independent of strain. A shear modulus value for rock equal
to 259,000 ksf, Poisson's rctio of 0.33, unit weight of 170 pcf, and an
equivalent basemat re.dius of 65.5 ft, were used to compute the founda-
tion spring and dashpet constants based on equations given in Section
2.1.2. Table 6.3 lists the values of the total springs and dashpot
constants. The note in the table also described the distribution of
total constants among the individual foundation spring and dashpots that
are shown in Figure 6.3.

i
The concrete compressive strength.f used in the Sequoyah analysis is
'4680 psi,whichincludesanincreasfo,f17% foraging. The yield stress
of reinforcing bars is- 60 ksi. The containment shell properties are
given in Table 6.4. These properties are based on minimum specified
material properties and therefore are considered conservative.

In order to construct the M-9 diagram of containment beams, as discussed
in Section 2.1.3, first the Sequoyah containment model was loaded with a
uniform horizontal loading, ano' ratios of hoop to meridional stresses, '

a, were determined at various elevations. Then entire containment wall
was divided in four zones along its neight, and for each zone one M-@
diagram was constructed for each Task based on the calculated values of
a, the existing stresses due to gravity, pressure, and thermal loads
shown in Tables 6.1 and 6.2, and the steel properties shown in Table
6.4.
The elevations of the four zones, and corresponding vglues of a and
yield stresses for tension and compression loading, f and f-
Figure 2.8 for explanation of f + and f ) are shown in Yable 6.5. (SeeIt
can be seen from this table th5t for T sk 3 condition, the effective
yield stress of 32 ksi is reduced to 27.8 ksi for Zone 1, and 18.3 ksi
for Zone 3 due to biaxiality. Since the gravity load effect is small,
and pressure loads are absent, the ef fective tenstan and compression
yields are the same in Task 3.

For Task 5 condition, the material yield stress of 27.8 ksi is reduced
to 22.0 ksi for Zone 1 ind 16.3 ksi for Zone 4 for the tension effective
yield. The correspending compression yield values are 18.1 and 0.5 ksi,
respectively. The significant reduction in Task 5, especially for Zone
4, is caused by the high tensile hoop stress condition due to the
pressure loading, see Table 6.2, and the high value of a at this zone.

| Because of almost total depletion of the yield capacity in Zone 4. Von-
Mises yield criterion was employed in this zone to improve the yield
capacities to values shown within parentheses in Table 6.5. These
higher yield capacities were used for this zone in the construction of
M-9 diagram. It is noted that the Von Mises yield criterion is more
accurate; the Tresca criterion was us=d in other non-critical zones only

i because it is simpler and conservative.

The M-9 diagrams for Zones 1-4 are shown in Figures 6.4 and S.5 for
Tasks 3 and 5 respectively. It should be noted that in Zone 1 the
yield moment of thr. section is reduced by a factor of 1.5 in going from
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Task 3 to 5 because of the effect of pre-existing pressure stresses and
the reduction in yield stress due to elevated temperature. In Zone 4,
this reduction is by a factor of 3.6, because of much higher pressure
stresses.In the evaluation of the tensile limit force of the vertical i

rock springs Ft1 shown in Figure 2.11, 20 psi was used for adhesion
when Ay is less than 0.25 . The basis for 20 psi is given in the9
discuss'lon that follows Equation (2.12). For higher values of Ay,
because of occurrence of uplif t, a minimal value of 1 psi was used. In
addition to this adhesion, the contributions from side friction and the
yield force of the 155 #11 anchorage bars provided below the basemat
were also included.

Fundamental frequencies of the structures included in the Sequoyah
seismic model, for fixed base condition and assuming linear behavior, '

are sununarized in Table 6.6.

6.3.2 Seismic Analysis Results

Sequoyah containment was analyzed for AH = 0.25g, 0.50g, 0.75g and 1.0g.
~ Because of the rock foundation at Sequoyah containment soil-structure

"

interaction effect is negligible. However, basemat uplift starts to
occur at A values between 0.25g and 0.50g. Figure 6.6 shows theg t
vertical displacement time history at node point 81, the end node of the
basemat in Figure 6.3, for AH = 0.25g. As can be seen, the vertical
displacement is always negative, indicating no uplift at this level of
shaking. Figure 6.7 shows that the node point 81 has uplif ted at Ay =
0.50g. Figure 6.8 shows that at Ag = 1.0g a significantly larger uprift
occurs. Table 6.7 shows the maximum extent of the basemat uplift at
various AH values. As can be sran from this table, at Ag= 1.0g,
approximately 90% of the basemat has uplifted.

.

Figures 6.9 and 6.10 show the horizontal and vertical response spectra,
respectively, at node 6 on the containment she", approximately 135 f t.
above the basemat, for AH = 1.09, when significant uplif t has occured.
These spectra are compared with the spectra corresponding to Ay = 0.25g
multiplied by four, which represents the same level of excitatTon but a
condition of no uplif t. It can be seen from these figures that due to
hard impact significant amplification occurs at high frequencies (above
8Hz), especially in the vertical direction.

Table 6.8 shows the comparison of base shear and moment for the steel
containment, shield building and interior structures at Au = 1.09, with ,

and without uplift. This table shows that although the structural
responses are somewhat affected, the effect is not significant. Because !

of the high~ fundamental frequency of the steel containment structure
(See Table 6.6) the response of this structure is somewhat increased due
to uplift, whereas the responses in the other two structures are some-
what reduced due to their lower fundamental frequencies. This result is
consistent with the observations made in Reference 5.2.

The effect of uplift on the basemat response has also been investigated,
as described for Zion containment in Section 5.3.2. Table 6.9 shows the,

| results of this investigation. It can be seen from this table, that due

1
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to hard impact condition at Sequoyah, the basemat responses are signifi-
cantly increased due to uplift.

1

6.4 Capacity Margin Factors 1

The capacity margin factors, calculated using Equation (2.15) and the
criteria given in Table 2.1, are listed in Tables 6.10 and 6.11. Table-

;

6.10 contains margins for limit states that are directly related to the
containment pressure boundary. Table 6.11 contains margins for those
limit states whose realization may indirectly affect the containment
performance; containment integrity beyond these limit states cannot be
determined within the scope of this study.

The margin factors given in Tables 6.10 end 6.11 were computed using ;

peak seismic responses at Ag = 1.0g, except where noted. If capacities
less than Ag= 1.0g were found, peak responses were obtained from '

analyses performed at A~= 0.25g, 0.50g, and 0.75g or appropriateg
interpolation.

Tables 6.10 and 6.11 list the limit state codes for correlation with
Table 1.2, which describes the limit states to be evaluated. These
tables also include a statement of the evaluation criteria used for each
limit state. .

Tables 6.10 and 6.11 list the direct and indirect limit states,
respectively, in their decreasing order of criticality. Calculated
margins, with engineering judgment, were used to arrive at this rank
ordering. Additional comments on the relative criticality of various
limit states are included in Section 6.5. *

Specific ' comments about the capacity margin factors are given in the
following subsections; concluding comments are given in Section 6.5.

6.4.1 Transverse Shear Failure in Basemat

The evaluation for the transverse shear failure in basemat was done
using a similar approach as discussed for the Zion containment in
Section 5.4.2. A companion ADINA analysis was performed using finite

j element model, since DYNAX analysis does not consider one-way springs.
' Results from this analysis provided factors which were used to mooify

the DYNAX results. These modified results were used for basemat
evaluation.

The critical section for the basemat for transverse shear failure is at
approximately mid-distance between the crane wall and the shield wall in
Figure 6.1. The smallest capacity is calculated, for Task 3 condition,
as AH = 0.52 . For Tasks 4 and 5, the increcse in temperature provides9
a beneficial compressive stress. The capacity in Task 4 is Ag = 0.89g
and the margin it Task 5, at Ay = 1. 0g , i s 1. 69. Variation of margin
with increase in A is shown in Figure 6.11 for Tasks 3 and 4.g
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6.4.2 Failure of Reinforcing Bars in Basemat
i

The evaluation for reinforcing bar strains was done using computer
'

program TEMCO, as discussed in Section 2.1.6. Modified DYNAX loads, as
' ' discussed in Section 6.4.1, were used in the evaluation. As shown in

Table 6.10, the strains in the reinforcing bars are not critical fors
Task 4 or 5 condition due to the compression provided by higher tempera-o
tures. In Task 3, the critical section is near the containment shell, i

where margin falls below 1.0 at A
g = 1.0g, and a capacity of Ay =5g and

0.84g
r is established by interpolation of forces obtained at A

H
=0~ 7.

1.09

6.4.3 Buckling of Steel Containment Shell

The buckling evaluation was performed using ASME Code Case N-284. (
Various shell panels between stiffeners as identified by various bay
numbers in Figure 6.2, were evaluated using the combined stresses from
earthquake, dead load, and pressure. Vertical and horizontal stiffeners
were checked for their effectiveness using the Code Case provision.
Local panel buckling was found to be the controlling failure mechanism.

For Task 3 condition, Bay nun.oer 7 in Figure 6.2 has the lowest
margin. This results from the combined effects of shell thickness,
spacing of vertical stiffeners and the compressive stress at that
elevation. The capacity margin at Ay = 1.0g falls slightly below 1.0; a
ct.pacity of Ag = 0.96g is established by interpolation for this case.
The variation of margin with increase in AH is shown in Figure 6.12 for
Task 3 loading in Bay 7.

For Task 4 condition, the margins improve due to the stiffening effect
of internal pressure. The controlling bay under this task is Bay 3 in
Figure 6.2. The change from Bay 7 in Task 3 to Bay 3 in this task is
primarily because of the combined effect of higher seismic load and
smaller beneficial effect from 10.8 psig internal pressure in this bay
than in the upper, thinner plate bays. The calculated margin at Ay =
1.0g is 1.7 for Bay 3. Figure 6.13 shows the variation of margin Tor
this bay with increase in A .g

For Task 5 loading condition, compressive stresses are present only in
. Bays 1 and 2 at Ag = 1.0g. For all other bays the stresses are tensile
I due to higher pressure. The computed margin is 5.0 in Bay # 1 as shown
L in Table 6.10.

L 6.4.4 Failure of Pretensioned Bolted Connections at Equipment Hatch
,

1

The 20 f t. diameter equipment hatch at Sequoyah containment, which is |
,

| pressure seated, is bolted with 20 1-1/4" diameter SA 320 L43 bolts. |

L For evaluation of this limit state, the bolt preload was based on 75% of j
ASME bolt allowable stress. A 10% reduction for torque relaxation was '

then applied. The bolted connections at Sequoyah equipment hatch do not
have a tongue and groove detail, therefore slippage after the overcoming I

of bolt preload was used as the criterion for failure. A friction
coefficient of 0.4 between mating faces of f1t'ge was assumed. This is
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N
n based on steel to steel contact and grease-free in air condition i

W (Reference 3.4). For seismic loading, the zero-period acceleration i

values of node point 29. Elevation 743'-0" in Figure 6.3 were used. The l

1zero-period accelerations are used here because the effect of rigid body
mode response of the component is being evaluated.

,

The margin f actor for Task 3 loading drops below 1.0 at Ag = 1.09, and
the capacity islestablished as Ag 7 0.96g by interpolation between Ag=
0.75g and Ag = 1.0g. The variation in the margin with increase in AH '

values is shown in Figure 6.14 for this limit state.

For Tasks 4 and 5 loading conditions, the margins improve significantly
-due to existence of internal pressure and the pressure seated construc-: ,

tion of the hatch. In Task 4, the margin is 2.2, and in Task 5 it ir

4.2 at Ag = 1.0g, as shown in Table 6.10.

6.4.5 Tensile Failure of Steel Liner

As shown in Figure 6.1, the Sequoyah containment basemat has a sandwich
liner. The liner strains were evaluated using computer program TEMCO,
as discussed in Section 2.1.6. Modified DYNAX loads, as discussed in
Section 6.4.1, were used in the evaluation. The critical section for
the liner. lies under the containment shell. the calculated margin under
Task 3 is 7.7 at Ag = 0.84g, which is the capacity of reinforcing bars
in the basemat, as discussed in Subsection 6.4.2. For Tasks 4 and 5
condition, the temperature induced compression makes the liner strain
non-critical.

6.4.6 Failure of Containment Shell at Penetrations

A review of the original design report indicated that the most heavily
loaded penetrations are those associated with the containment purge '

| system. This suggests that all other penetrations either have expansion
i joints in the sleeved contair. ment penetration or are part cf a pipe

| system which is flexible enough to eliminate any significant load
| imposed on the containment vessel.

The maximum penetration load listed in the original design report is
29.59 kips at the upper compartment purge air penetration. The maximum
seismic displacements of the containment shell and the internal struc-
ture at the purge line elevation are 0.24 in, and .84 in., respectively.
Thus, reservatively a maximum total differential displacement of 1.08
inches can be postulated to occur at this penetration. To convert this
differential displacement to a peretration load, a representative piping
stiffness is needed. This stiffness was unavailable for the Sequoyah
containtment. To proceed with evaluation, a piping stiffness of 14.3
k/in, was used. This is the stiffness determined from the analysis of a
cold piping system for the Zion containment, which was also used in
Section 5.4.6. r 71 ping system evaluated for stiffness does not have
bellows. Using t- oiping stiffness the total load imposed for a 1.08
inch differential splacement would be 15.44 kips. CBI's programs

E1027A was used to determine the stresses in the containment shell for
this loading condition. The membrane stresses and surface stresses are
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all well within the elastic range; specifically, the membrane stresses I
are about 8 ksi and the sirface stresses about 19 ksi.

Based on the above discussion since yieldin, does not occur, a margin !
greater than 10 exists for this limit state using a limiting strain {critwion of 0.02, and this is the value reported in Table 6.10.

6.4.7 Tensile Failure of Steel Containment Shell

Because of its large diameter, the tensile strains in the Sequoyah
icontainment shell remain within elastic limits for all tasks. There- :

fore, a margin of greater than 10 exists, for all tasks, for this limit #

state, as reported in Table 6.10.

6.4.8 Failure of Containment Shell at Ice Chest Supports

A review of the ice chest support details shows that the ice chests are
completely supported by the internal concrete structures. There are '

bearing bars at 24.9 inch centers between the ice chest and the steel '

containment shell, to ensure that the ice chest does not rest directly
against shell, protecting it from the low temperatures of the ice
chest. These bearing bars may transmit small horizontal incrtia loads
to the shell during a seismic event. The overall inertial effect of the

L, ice chest support during a seismic event is appropriately included by
,incorporating the ice chest masa in the overall seismic model. Thus,

seismic responses obtained from this model include the overall inertial
effect of the ice chests.

A conservative evaluation of the local effects of the ice chest inertial
forces, as transmitted to the shell through the bearing bars, showed
that the seismic stresses will be a very small percentage of the
pressure-induced stresses. Based on this general consideration, this
limit state was not evaluated any further and therefore no margin factor
is reported in Table 6.10.

6.4.9 Failure of Shield Building Wall )
The shield building in Sequoyah is not part of the containment pressure
boundary; therefore, Its failure is not considered a direct limit stete,

, However, failure of the shield building could introduce additional mas
| and seismic forces on the containment vessel, which may indirectly
| affect the vessel's structural integrity. A detailed evaluation of the i

| effects of shield building failure on the integrity of the containment
I vessel is beyond the scope of this study, however, the failure of the
) shield building itself is identified as an indirect limit state.

| The evalu=. tion of the Sequoyah shield building was done using an
| approach similar to the one used for Fermi biological shield wall, as
| discussed in Section 3.4.7. The critical element for the shield

'

building is, obviously, the section of the wall near the basemat
junction. The capacity of the shield building wall calculated using
ACI-318-83 Section A.7 is Ag = 0.30g. Using provisions of ACI Sections
11.10 (Special Provisions for Walls) and 11.7 (Shear Friction) the

6-8
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calculated capacities were Ag = 0.35g and 0.24g, respectively. As
'

discussed in Section 3.4.7 for Fermi biological shield wall. ACI Section
A.7 is considered more applicable than these other two Sections of the
Code, therefore the reported ccpacity in Table 6.10 is Ag = 0. 30g ,*

obtained using provision of Section A.7.
'

6.4.10 Bearing Failure of Foundation

The capacity margin factor for this limit state is based on the ultimate
bearing capacity of 830 ksf, based on design information. The muxir;um
vertical pressure during seismic event combined with the minimum contact
area remaining after uplift was used in the evaluation. .In spite of the
significant basemat uplift, amounting to over 90% of the basemat area,
at AH = 1.09, the margin calculated is 2.2 due to the very high bearing
capacity of the competent rock foundation.

6.5 Conclusions

The following conclusions are drawm from the results discussed for
Sequoyah containment in this chapter.

1. The governing limit state for seismic capacity of the Sequoyah
containment is the indirect limit state associated with failure
of shield building. The calculated capacity on this basis is Ay =
0.309 But, as in the case of the Fermi biological shield waT1,
it is felt that a finite element analysis of the shield building,

that considers material nonlinearity will yield a higher
capacity.

It should be noted that a capacity of AH = 0.30g, is calculated
using a time history consistent with Regulatory Guide 1.60
response spectra. This is over three times the design safe
shutdown earthquake (SSE) of Sequoyah, which is Ag = 0.18g using
Housner spectrum. This conclusion is based on a comparison of
0.30g capacity vs 0.18g SSE, and the f act that Regulatory Guide
scectral accelerations at Sequoyah containment frequencies are

'

aiaout twice the value from the Housner spectrum, see Figura 2.2
and frequencies in Table 6.6.

2. Eight direct limit states were evaluated for the Sequoyah
containment. Of these, the tensile failure of c mtainment shell,
the failure of shell due to local effects at penetrations and ice
chest supports, and tensile failure of liner appear to be of no

concern. Ever at the high acceleration of AH = 1.09, the margins
genere11y exceed 10 for all tasks.

|

| Of the remaining four direct limit states, the incal panel buckl-

j ing of the shell and pretensioned bolted connections at equipment
hatch have a capacity very close to Ay = 1.0g in Task 3. With
the existence of internal pressure in Tasks 4 and 5, the margins

,

improve significantly in both these limit states.I

i
I
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The two remaining direct limit states are both associated with
the basemat failure. The calculated capacity against reinforcing

,

i

bars failure is AH = 0.84g in Task 3, and Ag = 0.52g against
transverse shear failure, again in Task 3. For both these limit
states, the higher temperatures in Tasks 4 and 5 induce signifi-
cant compression. s0ue to this temperature induced compression
the reinforcing bars failure becomes non-critical in Tasks 4 and
5. The capacity against transverse shear failure improved to A

H= 0.899 in Task 4 and the margin in Task 5 is 1,69 at A = 1.0g.
It may be noted that evaluation of both these limit s ates is
considered conservative based on inherent -conservatism in the
evaluation criteria, as discussed in Subsections 2.2.2 and 2.2.6.

3. The basemat uplift starts to occur somewhere between Ag = 0.25g
and 0.50g. At Ay = 1.0g, upto 90% of the basemat uplifts. The
significant effec't of the uplift is seen in the high frequency
(beyond 8Hz) zone of ' the response spectra and on the basemat

;

transverse shear and bending moment, where due to hard impact
between the basemat and rock foundation, the responses are
increased significantly. However, the effect of uplift on the
steel containment base shear and moment ~is small.,

Even with an uplift of 90% of the basemat, because of the \ery
high ultimate beering capacity of the competent rock foundation,
a margin of 2.2 was calculated against the bearing failure at Ag
= 1.09

4. The main shock, up to a level of AH= 1.0g. does not cause
yielding in the steel containment, therefore it has no effect on
the aftershock seismic capacity of the containment.

|
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Table 6.1
Stresses Due To Gravity, Pressure and Temperature Loads (Task 4)

0(AccidentCondition: 10.P psig Pressure, 220 F Temp.)
'

Node No. Elevation (Ft) Meridior.a1 Stress . Hoop: Stress
(In Fig. 6.3) (psi) (psi)

,
,

68 682.0 2,209 5,788

62 690.9 2,200 6,206

56
'

700.5 2,554 5,021
1

47 714.3 2,940 5,274'

, -,

44 720.5 3,157 5,779

38 729.5 3,801 7,949

32 739.5 4,240 8,671

l 26 749.5 4,710 9,539

24 753.5 4,707 9,539
.

22 764.8 4,778 11,923

20 771.2 4,826 8,825
,

18 777.5 4,868 .9,539

16 781.0 4,901 11,923

14 787.0 5,958 10,336 i

.

.:

|.

|
'

t

|

1

-

!
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Table 6.2
' Stresses Due to Gravity, Pres:ure and temperature Loads (Task 5)

0(Pressure 24.8 psig, Temp. 360 F) ;

Node No. Elevation (Ft) Meridional Stress Hoop Stress
(In Fig. 6.3) (psi) (psi)

,

68 682.0 6,087 13,596
|

62 690.9 5,776 12,686
:

56 700.5 6,618 11.592

47 714.3 7,482 12,189

44 720.5 7,984 13,355

38 729.5- 9,490 18,253
,

32- 739.5 10,459 -19,912 ]

26 749.5 11.467 21,903

24 758.5 11,369 21,903

22 764.8 11.432 27,339

20 771.2, 11,449 20,493

18 777.5 11,540 21,913

16 781.0 11,574 27,379

14 787.0 14,025 23,734

i

i
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Table 6.3
Total Foundation Spring and Dashpot Constants

K K K C C C
(K/Yt) (K/ft) (K-ft/ Rad) (K-Se!/ft) (K-SecfFt) (K-Ft-Sec/ Rad)

All 8.34x 107 1.02 x 10e 2.89 x 1052 4.50 x 105 8.09 x 105 5.06 x 10e
Values

: Note: The two harizontal springs and dashpots in Figure 6.3 have values equal to one-half of the
I total values given in this table. The interior vertical springs and dashpots in Figure
i y 6.3 have the same constants. The end elements have higher values. In the vertical

C direction this discrete system has tcLal vertical and rocking constants equal to the
values listed in this table.

|

|

<

|

,
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J Table 6.4
'

Values of Yield Stress and Modulus of

Elasticity for Containment Shell
t

Task Temperature (O) Yield Stress Modulus of ElasticityF ,

(ksi) (ksi)

3 120 32.0 29,100

4 220 29.0 28,700 ,

t

5 360 27.8 27,940

i
,

P

)

i

l'

!
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Table 6.5
Values of Effective Yield Stress Used in Constructing M-9 Diagram

Zone & f+(ksi) f-(ksi)yElevation (ft) o Task 3 Task 4 Task 5 Task 3 Task 4 Task 5

1 -0.15 27.8 26.8 22.0 -27.8 -21.8. -18.1
678.8 (Basemat)
to 700.5

2 .020 26.7 26.1 20.3 -26.7 -21.2 -16.9
7 700.5 to 724.0
C;

|
,

! 3 -0.40 22.9 24.7 17.3 -22.9 -16.0 -7.2
| 724.0 to 758.5

4 -0.75 18.3 19.3 16.3 -18.3 -13.9 -0.5 '

758.5 to 847.5 (20.2)* (-4.4)*

ratio of hoop to meridional stress due to seismic loada =

:

f+,f- yield stress values for tension and compression,-respectively=y y
* value obtained using Von-Mises yield criterion in place of Tresca=

i
i

. _ s - , . . . , , ,
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|Table 6.6
Fundamental Frequencies of Fixed Base Structures |

in Sequoyah Seismic Model
!

Structure Frequency (cos)
.-

Shield Building 4.22 l
|

Interior Structure 5.86

Steel Containment 9.26

A

d

>

f

|
:

I

i

1
'
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Table 6.7
,
,

.

Maximum Extent of Basemat Uplift' s

|

:

A x(ft)g
- f

't .

0.25g 0

0.50g 10.6

0.75g 74.3

1.0g 116.4
"

t

Node 81 Node 90

= x :

b

'
,

|

= 128* =

,

6-17
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Table 6.8

,
Effect of Uplift on Base Shear and Moment (AH = 1.0g)

Base Shear Base Moment x 10-3 [
(kips) (ft. kips)

Structure No uplift With uplift No uplift With uplift

Steel Containment 8,280 9,560 690 837
'

Shield Building 94,800 85,700 10,200 9,280

Interior Structure 90,000 88,400 5,480 5,410

,

e

-

.

L

|
,

I
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'F' Table 6.9 (
1

Effect of Uplift on Transverse Shear and Bending Moment

inBasemat(Ag=1.0g) I

Ratio =. Response With Uplift
Response Without Uplift

Shear Positive Moment Negative Moment +

Compression Side 1.63 1.29 1.46 |

Tension Side 1.96 1.78 1.88

|

.

k

|
|
|

|'

s
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Table 6.10
Capacity Margin factors for Sequoyah Containment at AH = 1.0g (Except As Noted)

(Direct Limit States)
See Note 1

Code * Description Criterion Tasks
,

3 4 }

6 Transverse Shear Flexural shear
Failure in Basemat capacity per 1.0 1.0 1.69

ACI 11.3 at at
Ave. noniinal shear AH = 0.52g AH = 0.89g

y' 2 Failure of Reinforc- 10 c /c 1.0 >10 >10y 3
E' ing Bars in Basemat at

Ag = 0.84g

5 Buckling of Steel fcr/f 1.0 1.7 5.0
Containment Shell at

; AH = 0.96g

9 Failure of Preten- Shear capacity 1.0 2.2 4.2
stoned Bolted Max shear at
Connections at Ag = 0.96g
Equipment Hatch

1 Tensile Failure of 0.02/c 7.7 >10 >10principalSteel Liner at

Ag = 0.84g

. .-
_

.. . -- __ , .- . - . . -. . ._- - _ . . . - _ _ _ . _ _ _ _ _ - . _ __

_



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

__ _ _ _ _ _ _ _
_

^

s . .

..

-

Table 6.10 (Cont'd)
Capacity Margin Factors for Sequoyah Containment at Ag = 1.0g (Except As Noted)

(Direct Limit States)
See Note 1

Code * Description Criterion Tasks
3 .4 5

4 Failure of Contain- 0.02/c , >10 >10 >10
ment Shell at Based on K = 14.3k/in.
Penetrations for purgeline

4 Tensile Failure of 0.02/c >10 >10 >10
Steel Containment

ys Shell
M

* Refers to limit state identification number in Table 1.2

Note 1: A comment similar to Note 1 of Table 3.9 applies to this table also.-

,
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Table 6.11
Capacity Margin Factors for Sequoyah Containment at AH = 1.0g (Except as Noted)'

~(Indirect Limit States)
See Note 1

Code * Description Criterion Tasks
3 3 y

16 Failure of Shield Shear strength 1.0 1.0 1.0
Building per ACI 318 at at at

Section A 7.3 AH = 0.3g AH = 0.3g A.H = 0.3g
Lateral shear force

13 Bearing Failure of Ultimate bearing ,,
i Foundation capacity 2.2 2.2 2.2
U Peak average pressure

* Refers to limit state identification number in Table 1.2

Note 1: A comment similar to Note 1 of Table 3.9 applies to this table also.
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ELEV = 821'-4 1/2 t = 1/2" !

ELEY = 815'-4 1/2 EL 814.88 i

!
ELEY = 809'-6 1/2 ,

,

!
ELEV = 803'-9 1/2 f t = 7/16")hY r. LEV = 7998-9 7/8 1

ELEV = 796'-0 ;
,

ELEV = 791'-0 1/2 , |
$12

, , , , , , _,,

t = 1/2" E = 782.0' !ELEY = 788'-0 5/8 t u

011 ,

ELEY = 778' 6 5/8 o t - 5/8" |
*

410 .
E = 772.5'

t = 5/8"ELEY = 769'-0 5/8 , ,

.EL = 763.0' <

g8 ,

!
ELEV'= 760'-1 3/4 t = 5/8". i

$8
, EL r 753.5' i

,

It = 5/8"ELEV = 759'-6 5/8 a s

u. tEL = 744.u'
67

ELEV = 740'-6 5/8 a
' t = 11/16" !n

, .

_EL = 734,$e ;g6
!t = 3/4aELEV = 730'-3 5/8 as

EL = 725.0'
05 ,

!
. t = laELEY = 721' 6 5/8

EL = 715.292'g4 |, , , _ ,
:

ELEV = 713'-6 t = 1 1/16" I"

EL = 705.584' ?

g3 , ,

ELEV = 701'-6 5/8 .a t = 1 3/1g=
EL = 695.875'$2 , ,.

ELEV = 691'-2 1/8 .| t = 1 1/4a '

i EL =_,686.167'gg
ELEY = 680'-9 7/8 EL 679'-0 3/8

'

" 1 3/0"'
CONCRETE FLOOR '..

ELEV = 676'-3 .O ,
E = 676.25'

>

Figure 6.2 Analytical Model of Sequoyah Containment Vessel for Gravity,
Pressure, and Temperature Loads
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7. NONLINEAR FEM ANALYSIS OF CLINTON CONTAINMENT ;

7.0 General

This Chapter discusses a nonlinear quast-static analysis of Clinton
containment. Only material nonlinearity in the form of cracking in !

concrete and yielding in liner and reinforcing bars is considered. The
analys' 4 performed using the ADINA program by subjecting the finite ,

element u .el (FEM) of the containment to inad combination of Task 3. '

The seismic part of the load is a combination of horizontal and vertical
nodal loads. The spatial variation of this load is determined from the
peak sccelerations evaluateo from the seisaic analysis model of Figure
4.6. The amplitude of this load pattern is increased in the incremental '

static analysis from zero, corresponding to no teismic load, to a value
which is censistent with AH = 1.0g.

,

The purpose of the nonlinear analysis is to prcvide an assessmant of the
simplified analysis procedure used to determire shell element strains
and transverse shear forces in concrete containments. This simplified
analysis procedure is described in Section 2.1.6. In the simplified
analysis, the quasi-static response of a shell was Olculated using an '

elastic analysis in program DYNAX. The resulting shell element forces
were then used either in program TEMCO to obtain strains in the liner
and reinforcing bars, or directly for transverse shear evaluation of the
containment wall and the buemat. The TEMCO evaluation considered
cracking in the shell element being analyzed; it did not consider poten-
tial redistribution of forces which could take place due to cracking in
concrete and yielding in steel in a concrete containment.

The focus of the work reported in this chapter is, therefore, to show
how the11 force distribution in the nonlinear model differs from that in
a comparable clastic moJe1 and how peak steel and liner strains are
affected by cracking and yielding. The comparisons described in this
chapter also provide a means to assess the effect of two finite element
ideslizations in the evaluation of containment response. The FEM model

'

for ADINA program uses three dimensional solid elements in the response,

| zones where both membrane and bending response of the structure have to
I be considered. The corresponding DYNAX model for elastic analysis
| utilizes thin shell e.ements. Therefore comparison of the elastic

response from AD!tlA and DYNAX evaluations also provides a basis for
assessino the effect of the two types of ideal 12ations.

Section 7.1 describes the FEM model for ADINA evaluation. Section 7.2 *

compares elastic responses determined f rom this model and the corres-
ponding FEM model for the DYNAX program. Section 7.3 contains
evaluation made for Task 3 loading. Conclusions of the Chapter are
summarized in Section 7.4 and references are listed in Section 7.5.

.

b

'
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7.1 FEM Model for ADINA Analysis

7.1.1 Geometry of Analytical Model

the containment model has an axisymetric behavior for gravity and i
pressure loads. The seismic loading considers effects of one horizontal !
earthquake component in combination with the vertical component. There-
fore, only one half of the containw nt cylinder, dome, and basemat under ;
the containment is modeled. The assumed plane of symmetry is the dia- '

metral plane thct contains the direction of horizontal seismic motion. |
The ignoring of the second horizontal compon90t is not considered i
significant for the purpoces of this chapter bec;.use nonlinear analysts I

results are compared to similarly loaded containment analyzed by the isimplified procedure.

Figure 7.1 shows the elevation view of the analytical model. For ease
in describing the types of elements used, the model in the figure is
subdivided into six zones, R1 through R6. Figure 7.2 shows a developed
view of the six zones. Table 7.1 summarizes the elements, material ;

types, and integration order of elements within each zona. The choice
of elements and material was governed by the consideration of being able
to obtain a reasonable description of nonlinear containment response :

without being prohibitively costly.

Note that material nonlinearity is considered only in zones R2, i.e.,
,

basemat between drywell and containment walls plus the junction area of !

the containment wall and in R3, i.e., the membrane zone of the conU.in-
ment wall. Elcments in the other zones, for purposes of analysis, are

,

treated as elastic.
IFigure 7.3a shows the arrangement of elements in the (.ontainment we'l in

zone R2. One three-dimensional 16 noded clement is used to reprosent
i the containment wall. The size of this element is 14.25' x 14.25' x
|

3', The plane stress element of the liner is connected to the solid
; element at the inside face nodes. Three-noded truss elements are used
| to represent tl:e inside and the outside meridional and hoop
'

reinforcements. Cross sectional areas of these bars were determined by
lumping the reinforcement existing within elements at the nodal pints.

| Two-noded truss elements are used to represent the seismic reinforcement *

| on the inside face of the solid element along the f ace diagona13.
|- Again, existing reinforcement was lumped to obtain cross-sectional

properties of these e4ments. Additional two-noded truss elements are
used to represent the existing shear reinforcement.

The arrangenent of elements in zone R2 for the basemat is shown in *

Figure 7.3b. This arrangennt is similar to the arrangement used for
| the wall in zone R2 ex:ept that pie sliaped solid elements are used with

0| central polar angle of 12.9 . The total thickness of the basemat is
| represented by one element. In Clinton basemat, the top reinforcement '

i is in the hoop and radial pattt;rn; the bottom reinforcement is arranged
' in an orthogonal grid. The truss elements used to represent this rein-

forcement in the model are in the radial and hoop directions. The steel

7-2
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area per foot of the orthogonal grid at the radial boundaries of the I
element was useri to determine tributary areas at the nodes and these |
wre averaged to determine the area for the radial truss elements. No 1

averaging was done for circumferential reinforcement. -

Figere 7.4 sNws the arrangement of the plane stress elements for !

concrete and liner, and the two-noded truss elements used to represent i

the main and seisric reinforcing bars in zone R3. The nodes of plane
stress elements far liner and concrete are constrained to displace
together. Because of plane-stress representation for concrete in zene !

R3, inside and outside reinforcing bars are lumped and considered to be
at the mid-thickness of the wall. i

Elastic, three-dimensional concrete elements are used in zones R1 and R6
for basemat, and in zone R4 for containment wall near the spring line. ;

Plane-stress, elastic concrete elements are used #0r the dome, i.e. ,
Zona RS. Elements in zones R1, R6 R4 and R5 are for purposes of
applying required inertie loads and boundary conditions to the regions ;
of interest in this study, which are the zones R2 and R3.

The model does not contain any elements for the drywell and RPV pedestal
walls. A study of basemat displacement in the elastic range of
ret,ponse, showed that including or excluding these walls as elastic
elements did not change the displacement patterr of the basemat. Effect
of excluding the drywell and RPV walls e the containment and basemat i

internal forces is discussed in Section 7.2.
;

Table 7.2 shows the number of elements and nodes in the analytical
model. It is recognized that, for reasons of economy, the mesh size
used in the analytical model is coarse. There are two reasons for
considering the information derived from this model to be still '

useful. One reason is that gross effects of material nonlirearity, ;

rather than micro behavior, is of interest in this study. Another i

reason is that the predicted peak responses from the model in the
elastic range are comparable with those from a DYNAX idealization whin
used finer mesh. This item is discussed in Section 7.?.

;

7.1.2 Parameters of Material Models
,

' The solution of analytical model has been obtained using ADINA-84. A ,

full description of the traterial models used is given in References 7.1 i

and 7.2. The input parameters for these models are briefly described
'

,

I below:

Concrete Model:

Eight sets of parameters tre required for this model

a. Uniaxial stren t. train curve. The parameters used for this
curve are as follows:

Compressive strength f,' = 4680 psi
Strain at maxitmJm streks, c = 0.002o
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Ultimate compressive strength 0.85 f '=
e !Ultimate compressive strain 0.003 '=

Tensilt strength cut-off, f 6 f'=
g e ,

Tangent modulus at zero str.in, E 2f /*o
=

'n c

b. Poisson's ratio, v = 0.17
{

c. Parameter of loading function, a = -0.01

d. Stiffness reduction factors:
/ Shear: 0.12

'Norma' to the crack: 0.05
;

e. Scaling parameter to modify value of t in uniaxial stress-o tstrain curve to consider the effect of multiaxial stress !condition:
,

y= 1.0(thedefaultvalueinReference7.1)

f. Failure envelopes: These envelopes are defined in terms of [principal stresses and they ar? used to identify occurrence of '

cracking, crushing and modification of f"o'f in uniaxial stress-
1strain curve to consider the effect multicxial stress '

condition. Table 7.3 shows the specific definition of failure
envelopes used in terms of 24 principal stress ratios,

g. Parameter for isotropic or orthotropic conditions: When the
minirum principal stress is smaller than -Xo.', where o ' is the t

modifiedf'formultiaxialconditionsandfisaconshant,thec
material is assumed orthotropic; otherwise, it is isotropic.
The value of K = 0.7 has been used which is the default value in
Reference 7.1. !

To provide an indication of the performance of above concrete model,
test retults from two reinforced concrete test panels, loaded for in-
plane normal and shear lodds were evaluated. Test results were for 35" ]1
x 35" x 2.75" panels with reinforcement ratio o = 0.018. Test I
information was taten from Reference 7.3. The panel was modeled by nine |
plane-stress concrete elements with re.inforcing lumped as truss members :
to conform with the selected mesh size. I

Results for panel shear strain at several load levels as obtained from
the ADINA analysis are compared to test information in Table 7.4 for two
panel tests. The test shear strains in Table 7.4 refer to average panel

:
shear stra'1 obtained at each load level from linear strain measurements
in a 3 x 3 grid on the test panel. These are taken directly from
Reference 7.4. The ADfNA strains are taken from the element at the
center of the 3 X 3 grid of plane stress elements.

Strains computed by ADINA analysis are higher than the test strains in
Table 7.4. Comparison improves at higher test load levels. This

| behavior is attributed, in part, to the fact that in ADINA analysis,
| tension stiffening is not considered. Considering that in this chapter

7-4



'yr T

.,

it is intended to assess the gross effects of concrete cracking and
steel yielding, tht. comparison in Table 7.4 is considered to be close.

Steel Meterial Properties:
,

!Table 7.5 summarizes the material properties used for the stainless
steel and carbon steel liner, and the reinforcing bars. These para- :

meters are the minimum specified values for each case. For ease of
computation strain hardening modulus of the steel liner is assumed to b

.

zeto. !

7.1.3 Boundary ConJitions ,

The radius to Point A on the periphery of the analytical model in Figure
7.1 is 85 feet. This corresponds to the closest distance from center of ;

containment in Figure 4.1 to the nearest wall of the reactor-control ;
buildings. Because of continuous basemat, Point A is assumed to nove i

with other buildings. Point B, directly above A, is constrained to
follow A.

For dead lotd application to the model, it is assumed that all N11 din?.
move down together. Consequently, boundary at A is free to move vert- >

cally down. For seismic loading, Point A moves vertically from the dead ;

load position at zero seismic load to the average position of nodes 38 >

and 49 of the seismic model in Figure 4.6 when peak seismic load is ,

applied. Because one horizontal seismic movement is assumed, the model [
has symmetrical boundary condition on the vertical plane which contains
the cont *.inment diameter along which horizontal seismic motion occurs.

The seismic effects include a horizontal component and a vertical upward
component. These are quasi-static loads and they are applied as g-load- ,

'ing. The peak values of these g-loads and the manner by which they were
determined from the peak accelerations determined in the seismic model t

of Figure 4.6 are shown in Figure 7.5. When peak horizontal accelera-
tions shown on the model are applied, the total seismic moment at the
base of the containment wall is 17% higher than the peak seismic moment
calculated for Ap= 1.0g in NONL!N 2 program using model of Figure
4.6. Accordirgly', all horizontal accelerations obtained from WONLIN 2
were scaled down by a factor 0.83 for seismic load corresponding to Ag

1.0g applied ira the FEM analysis.=

7.1.4 Spatial Description of Loads

figure 7.5 shows the description of loads opplied to the model. The
gravity load of the wall is applied as nodal loads which are uniform on

,

| circumference at each elevation. This information was obtained from the ;

| input masses to the seismic model of Figur$ 4.6. The correspondence
| between the nodes of the two models is summarized in Figure 7.5. The
' weight of the basemat is applied with a uniform d6.dity. Included in

the dead load is the effect of water in the suppression pool, applied as
nodal loads. Also applied to the model as ring loads is the weight per

| foot of the RPV and drywell walls as well as the effect of their over-
turning moments.

| 7-5
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7.2 Comparison of Elastic Respcnses From.ADINA and DYNAX Models

ADINA model here refers to the FEM mooel described in Section 7.1 and
solutions obtained from that model assuming elastic behavior. The DYNAX
model refers to the analytical model shown in Figure 4.18. The
following differences exist between these two models:

a. The DYNAX model includes axisymmetric shell element
idea 112ations for the pedestal and drywell wall. These
structures are not included in the ADINA model; their reat.i, ions,
however, are applied to the basemat.

,

b. Stiffnesses of all the shell elements in the DYNAX model are
based on plain concrete properties. In the ADINA model steel
element stiffeness are specifically included,

c. The DYNAX model has a more refined mesh,

d. In the DYNAX model vertical soil springs are distributed and
horizontal soil spring are concentrated at external boundary
node A'; see Figure 4.L8. In ADINA model soil springs tributary
to basemat under the containment are applied as concentrated
nodal springs. The remaining part of the total horizontal
stiffness is applied at boundary node A in Figure 7.1.

Peak forces determined assuming elastic behavior from the two models ere
listed in Table 7.6. Responses listed in this table are for dead load
plus seismic loading which corresponds to AH = 1.09 Only major forces
are listed at regions of interest. These include shell forces at the
wall near the basemat junction and at 42 feet above the basemat, and
basemat forces between the drywell and containment walls.

To show the effects of differences in mesh size, incorporation of steel
stiffnesses, and inclusion of internal structures two values are given
for each model and response; one without parantheses and the other
within parantheses. Responses for ADINA model within parantheses were !

obtained by deleting the steel stiffness from the model in Section 7.1;
ADINA results without parantheses include the steel stiffness effect.
Responses for DYNAX model within parantheses refer to tne model of
Figure 4.18 from which internal walls are deleted; the values without
parantheses refer to the model of 4.18 as shown.

The maximum percent difference between ADINA and DYNAX models, including
all the listed differences in the two models, is 38% and it is in the
meridional moment at the base of containment wall (responses of 1306 and
949 f t. kip /f t.). The maximum difference becomes 12% when effects of
steel stiffness and internal structures are removed (responses of 1122
and 1000 ft kip /ft.). The differences of the nature of 10% to 12% are
cauled by different types of finite elements used and the mesh size. It

is, therefore, concluded that within consideration of economy for the
size and extent of model, the ADINA model in Figure 7.1 is a reasonable
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idealization of the containment to be considered in discussion of
materially nonlinear response in the next section. >

7.3 Discussion of Results

7.3.1 Application of Incremental Load ,

Table 7.7 lists the load increments applied to the model. Full dead
had was anplied in the first step and for this application boundaries ,

at A in figure 7.1 were free to move vertically down. During steos 2
through 21 seismic load was increased from 0% of that corresponding to

g 1.0g to 100%. No equilibrium iteration was performed in theseA =

steps to obtain incremental solutions; the stiffness, however, was
reformulated at each step. Curing steps 22 and 23, loads were kept
constant on the structura at their values for step 21 but stiffness was :

reformulated. The purpose of these two steps was to see if stsble
results are obtained at maximum seismic load. .

7.3.2 Displacement >

The deformed configural. ion of the containment after full application of
dead and seismic loads is shown in Figure 7.6. Since the rotation of
the base as calculated during time history was small, in the seismic
load application the boundary at A was moved the same amount vertically
for all values of azimuth (no tilting of basemat was considered).
Figure 7.7 shows the horizontal displacement of a point about 8 feet
below the spring line as seismic load is incrementally applied. Two
items of information in this figure are important to note. During steps
22 and 23, when stiffness was reisrmulated but seisulc load was kt:pt at
its Ay = 1,0g level, the horizontal displacement changed from 0.167 feet
to 0.I71 feet, which is only 2.3%. This shows that step sizes used for ,

incremental loading have yielded a stable solution.

The second item refers to the comparison of calculated displacements
relative tc, basemat from ADINA model and the time history evaluations
using seismic model of Figure 4.6. These displacements are compared in
Table 7.8. Displacement from time history analysis is 1.76 inches
compared to 1.47 inches froni the ADINA model. This comparison is
considered favorable and it shows that th re(Ation for shear stiffness
due to cracking used in dynamic analyqis following Appendix A is
reasonable.

7.3.3 Strains,

|

The major princips1 tensile strains in the concrete for the containment
wall is shown in Figures 7.8, 7.9. and 7.10 for AH = 0.5g, 0.75g, and
1.0g, respectively. This information is given only for those elements
at which through thickness cracking was calculated. For the part of '

wall modeled by solid elements, the strains refer to the outside face of
the wall. Of the nine integration points near the outside surface of
element, the strain at the center integration point is shown. For
plane-stress e'ements, the tensile strains at all four integration
points of the element are ihown. Also shown in these figures is the

7-7
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extent of elements at which through-thickness cracking occurs. This
means all three integration points at each elevation of the wall have
cracked. The cracking in the wall first occurred at the lower most
integration point of the solid element next to the basemat at 00 azimuth
and at Ay = 0.3g to 0.4g. At Ag = 0.59, the elements for which
through-thickness cracking has occurred are limited to the first row of
solid elements within a 80-degree arc length centered at 0 degree
azimuth; see Figure 7.8. At Ay = 1.0 , the completely cracked elements9
in the zone where wall is modeTed by solid elements extend over half of
the circumference upto elevation 740'. Cracking extends into the first
row of plane-stress elements (elevation 740' to 755'). Circumferenti-
ally completely cracked elements cover about half of the circumference.

.

!

Figure 7.11 shows the concrete principal strains in the top and bottom
faces of basemat. About half of the basemat top and half of the basemat
bottom is cracked at Ag = 1.0g. Figures 7.12 and 7.13 show the tensile '

principal strain in the wall and basemat liners. Correlation of liner i

strains with concrete strains is evident from the cross comparison of '

Figures 7.8 through 7.13. The information indicated in Figures 7.12 and
,

7.13 shows that liner yields only in the vicinity of the drywell wall at !

Ag = 1.09

The maximum principal tensile strain in wall liner is 0.00068 and in the
basemat liner is 0.002. !

Figures 7.14 through 7.17 show the variation of reinforcing bar strain
with seismic load level for several reinforcing bars at highly strained '

parts of containment wall and basemat. This information shows that
maximum strain in these bars is below rebar yield strain of 0.002. Upon

.

occurrence of major cracking, rebars begin to be strained at higher |
rate. Moreover, during the last two steps of the solution when seismic
load is kept corresponding to Ag = 1.09, no appreciable change in the
calculated strain of rebars occurs. This shows that numerically stable
solutions have been obtained in the incremental loading process.

,

7.3.4 Major Shell Forces

A principal assumption in simplified analysis is to use shell forces
determined from the elastic analysis in the computer program TEMC0 to '

determine element strains. The elastic analysis of the cylindrical '

.

Shell implies a sinusoidal variation of in-plane shear force and cosine
variation of meridional forces along the circumference in the membrane
zone of the shell. Figures 7.18 and 7.19 show the comparison of these
shell forces from cracked and t.lastic analyses at containment wall
elevation 751.7' . This elrvation is within the zone R3 in Figure 7.1
where plane-stress elements are used to model the shell. Figure 7.10
shows that at Aga 1.0g, these elements have cracked over about half of
the circumference. The comparison in Figures 7.18 and 7.19 shows that

,

although due to cracking local deviations from the distribution of f

elastic analysis occurs, the general trend of forces obtained using an
c.nalysis which permits cracking follows the elastic analysis
distribution.

,
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Table 7.9 compares the major shell forces in the lower portion of the
containment wall and in the basemat from cracked and uncracked analyses.
This comparison shows that in the cracked model, understandably, bending
moments are significantly lower than those predicted from an uncracked
analysis. The same is true for the transverse shear at the base of the
contairment wall. The transverse shear in the basemat, however, is not ;

similarly affer,ted by cracking. This difference in behavior is due to I

the fact that the transverse shear in the wall is caused by shell i

boundary effect. The shear on the basemat, howcVer, is a thear induced j
directly by forces. ;

0The meridional compression in the containment wall at 180 azimuth, for i

analysis that considered cracking, is somewhat greater than that
predicted from the uncracked analysis. This is due to the shift of the
neutral axis of circular wall cross section as cracking occurs. The :

increase in compression is about 20% and it is considered small in
comparison to other reductions which cracking causes.

The comparison in Table 7.9 shows that generally for total shell forces, :

conservative results are obtained by using forces from an uncracked
analysis. In some cases this conservatism is quite significant.

7.3.5 Comparison of Strains to Those From Simpli'ied Analysis

This comparison is shown in Table 7.10 for strains at several locations
in the containment wall and in the basemat. The ADINA results are
directly from the solution of model in Figure 7.1 for Task 3 loading at
Ag = 1.0g. The simplified analysis results are the solution of elastic
DYNAX model in Figure 4.18 followed by analysis in program TEMC0 which
considered cracking and yielding in an element level only.

The comparison in Table 7.10 shows that elements at locations which
would be predicted to have maximum strains on the basis of an elastic
analysis, are still highly strained in A;INA model and the prediction
from ADINA for these strains is generally smaller or very close to the '

simplified analysis. This categorization involves strains in wall liner
'

at elevation 719', outside meridional rebar at elevation 719', meridion-
al rebar at elevation 742' and all the basemat strains. The average
compressive strain is slightly underpredicted in the simplified analysis
results, because of the shift in circular section teutral axis, which
ADINA anlaysis considers and the simplified analysis ignores.

The strain in the inside meridional rebar at elevation 719' in the >

containment wall is underpredicted by the simplified analysis because
tracking under seismic load reduces the moment at this location. Since
moment causes compression in the inside rebar, its reduction increases
the tensile strain of the rebar. This is an example where local redis-
tribution due to crackirg makes simplified analysis underpredict the
fully cracked analysis results. This underprediction, however, is not
important because the underpredicted strain is not controlling. A
similar effect of local redistribution is responsible for the under-
prediction of strains in the liner at elevation 752'. Figure 7.12 shows
that in the cracked membrane zone, direction of principal strain changes

'

7-9
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'0from vertical to an in:: lined direction as azimuth increases from 0 .
This inclination is due to the effect of sn6<P stresses in the liner. '

Figure 7.18 shows that distribution of total shear forces on the circum. i
ference of containment wall follows the prediction of elastic analysis. |However, since concrete cracks and carries less shear, and since no !

major redistribution occurs over the circumference, the reduced shear of
,concrete is transferred to stiffer liner and this phenomenon causes

increased principal strains in the ADINA results. Figure 7.20 confirms
that shear carried by liner from ADINA analysis is considerably more :
than that assumed in the simplified anlaysis.

f7.4 Summary and Conclusions

Results from a materially nonlinear finite element model of the Clinton |
containment under dead plus quasi-static seismic load are presented in I

this chapter and compared to predictions from a linear shell analysis
model followed by eitment level analysis that considerd concrete
cracking. The simtlified analysis has been used in Chapters 4 and 5 of

.

this report for the Clinten and the Zion containments. The materially
nonlinear model, herein called ADINA model used solid concrete elements
in the zones of contlinment where bending occurs. :

Principal findings of the study are as follows:
'

1. The ADINA model that used coarser mesh for limiting
computational cost in the linear range of analysis, produced
shell forces within 12% of the simplified analysis after the
effects of internal structures and composite action of liner and L

steel were accounted for.

2. The ADINA model was loaded incrementally up to a level of 4

seismic load corresponding to Ag= 1.09 At this load level,
considerable cracking occurred in the basemat and at the lower
portion of the containment wall up to an elevation of 755' (42
feet above the basemat) ana covering over half of the contain-
ment circumference.

L
3. At Ag = 1.09, the calculated spring line horizontal deflection i

relative to basemat using ADINA model agreed with results from !
seismic beam model of containment with reduced shear stiffness i

factor of 0.12. This showed the shear reduction factor used in
the seismic analysis model was reasonable.

4. At Ag 1.09, the only steel element which yielded was the=

basemat liner near the dyrwell waii. The corresponding
simplified analysis showed strains at this location which were -

much higher than that predicted by ADINA model, showing
conservative predications obtained through analysis.

5. The cracking of concrete ;n the cylinder produces through-
thickness, circumferential, and possibly height-wise effects.
Because only the lower 28 feet of containment wall was modeled
by solid elements (for reasons of computational economy), the

7-10
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height-wise effect of cracks is not discussed. The discussion
considers only through-thickness and circumferential redistri-
bution of the loads. . |

6. The major consequence of circumferential redistribution due to !

cracking is the shif t in neutral axis of the circular contain-
;ment section. This effect produced compressive strains in the

wall which ware about 20% higher than those which were obtained
using the simplified anlaysis. Considering that in a time i

dependent seismic load this effect should be more limited than {that seen in one cycle of a quasi-static load application, and isince the membrane crushing of wall is not found to be a I

controlling limit state, this effect of redistribution due to ;

cracking is considered to be unimportant. ;

1

7. The through-thickness redistribution caused by cracking produces ;

results which are conservative relative to the simplified '

analysis results for peak rebar strain, transverse shear in the
wall, and for liner principal strains when liner is strained in

,basically hoop or meridional directions. For liner locations in :

which the in-plane shear is also significant, through-thickness
cracking yields strains which exceed values from simplified
analysis. For the Clinton containment studied here, locations
of high liner strein occurred where there was minor shear stress !
effect; therefore, results obtained from simplified analysis are i

considered to be conservative.
.

,

8. In the basemat, the liner yielded and concrete cracked rear the I

drywell wall in the tension side (zero degree azimuth); as a
result, a moment redistribution occurred in the ADINA model at
this location. The liner and reinforcing bar strains determined
from the simplified analysis for this location are more -

conservative than the ADINA model because the simplified ;
analysis does not consider this redistribution. The transverse
Shears predicted by the two analyses were, however, close. !
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Table 7.1
Elements Used in ADINA Analysis

INTEGRATION
ZONE TYPE OF ELEMENT MATERIAL ORDER

3.1 a. Three-dimensional a. Elastic 2x2x2
solid for basemat

~- b. Horizontal and vertical b. Elastic
spring elements for soil

R2 a. Three-dimensional solid a. Nonlinear 3 X 3 X 4 basemat
for concrete concrete 3 X 3 X 3 wall

b, Three-dimensional plane- b. Elastoplastic 2 x 2 basemat
stress for liner with kinematic 3 x 3 wall ,

hardening |

c. Truss for main reinforce- c. Elastoplastic 2 for three noded
ment, seismic reinforce- with kinercatic 1 for two noded I
ment and shear ties hardening

d. Horizontal and vertical d. Elastic :

spring elements for soil
|

R3 a. Three-dimensional plane- a. Nonlinear 2x2 '

stress for concrete concrete -

b. Three-dimensional plane- b. Same as b in 2x2 '

stress for liner R2s
,

c. Truss for main reinforce- c. Same as c in
ment and seismic R2 '

reinforcementse

,

R4 .Three-dimensional solid Elastic 2x2x2 |
for wall

R5 Three-dimensional plane Elastic 2x2 ,

stress

R6 a. Three-ci.nensional solid a. Elastic 2x2x2 -

for basemat

b. Horizontal and vertical b. Elastic
spring elements for soil

7-12



I
- ,;,'

i; f,

:
, ,

,

Table 7.2
Number of Nodes and Elements Used in the ADINA Model

, ,

Number of nodes 890
'

i

Number of equations 1787

Maximum half band width' 235

Number of soil springs 432,

-

,

Number of 30 solids for concrete 126
,,

Number of 3D plane stress for concrete 140 .

!
Number of 33 plane stress for liner 168 :

"
Number of trusses for rebars 978 !

-
:

i

i
!

l

I

$

u

;

,

l
'

4

1

-

,

j

$
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Table 7.3
Parameters of Triaxial Compressive failure Curves Used for Concrete

PRINCIPAL CURVE NUMBER, I
STRESS RATIOS 1 2 3 4 5 6

SP1(I) 0.00 0.25 0.50 0.75 1.00 1.20
;

SP3(I,1)
.

(SP2 = SP1) 1.00 1.35 1.75 2.15 2.50 2.80
c

SP3(I,2)
(SP2 = sX SP3) 1.25 1.70 2.10 2.55 2.95 3,30

.

SP3(1,3)
(SP2=SP3) 1.20 1.60 2.00 2.40 2.80 3.10

1 to 6. stands for curve numberI =

1 to 3, stands for point on curveJ =

o(I)/fhSF1(I) =
3

(I,J)/FhSP3(I,J) = o
3

fh uniaxial compressive strength=

principal stress ratioa =

7-14
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Table 7.4 -

Comparison of Measured and Calculated Response of
Reinforced Concrete Test Panels Under In-plane Loads

(Panel Size: 35" x 35" x 2.75", o = 0.018)

In Plane Shear St ain .N (kips) ADINA T_EST REMARKSy

a. Panel PV28 of Reference 7.3 under tension plus shear with
N = +0.32 N y

28.9 1.82 x 10-3 0.141 x I V Test failure '

at N = 81 kips
bysTiding -

SP.6 3.82 x 10-3 2.12 x 10-3 shear failure;
a ADINA did not'
L~ 7 .5 5.27 x 10-3 3.96 x 10-8 converge beyond1

81.0 6.05 x 10-3 5.8 x 10-3

.

!b. Panel PV25 of Reference 7.3 under compression plus shear
with
N = -0.69 Ny

.

38.0 0.33 X 10-3 0.24 x 10-3 Test Failure at
H = 127 kips byy

76.0 2.81 x 10-3 0.86 x 10-3 concrete crushing;
ADiNA did not

96.0 3.54 x 10-3 1.61 x 10-3 converge at/-

115.0 4.48 x 10-3 3.11 x 10-3

.-
___

reinforcement ratioo =
:

i

' '
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Table 7.5
Steel Material Properties

Type of Steel Yield Strength Young's Modules Strain Harderiing
[y(ksi) E (ksi) Modules (ksi)

1. Stainless Steel 30 28300 0
Liner (SA-240,
Type 304)

2. Carbon Steel 32 29300 0
Liner (SA-516,

'

Gr. 60)

3. Reinforcing Steel 60 29000 1115
(ASTM A615,

Gr60).

i

1
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Table 7.6 !
Comparison of Elastic Responses from ADINA and DYNAX Models '

(Dead Load Plus Seismic)

Azimuth = 00 Azimuth = 1800
Elevation and Response ADINA DYNAX ADINA DYNAX ;,

t

h

1. Base of containment wall
r

Meridional moment 1306 949 957 757 i

(ft. kip /ft) (1122)* (1000)* (848) (828)
iTransverseshear(kip /ft) 129 108 97 95

(117) (115) (90) (104)

Meridional force (kip /ft) 218 228 -322 -340
(223) (226) (-325) (-338)

Hoopforce(kip /ft) 473 366 -306 -294 [
(433) (399) (-308) (-330)

*

2. Meridional force in 147 160 -229 -248
containment wall 42 feet (146) (160) (-228) (-248)'
above basemat (kip /ft)

3. Basemat between drywell and
containment walls, R = 49.5' '

Radial moment (ft. kip /ft) 3000 3540 2136 2794
(2907) (2907) (2792) (2101) (2403)

Circumferential moment 3/.a/ 2987 2607 2206
(ft kip /ft) (3194) (3160) (2375) (2450)

Transverse shear (kip /ft) 371 383 316 322
(369) (375) (318) (336)

Aximuth = 900
Elevation and Response ADINA DYNAX

.. .

4. Tangential shear in containment
wall (kip /ft)

42 feet above basemat 145 145
(145) (145) ,

* Responses listed in paranthesis for ADINA c:Jumn were obtained by
ignoring steel e,ement stiffnesses in calculation. Response listed in
paranthesis for DYNAX column were obtained oy deleting internal
structures from Figure 4.18.

1

|
'
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' ' Table 7.7. ,

e ' Loading. Increments y
'

.
'; .r

<

Step Dead . Seismic i
n.

f' (% Of Total For AH = 1.0g) j

. . :
,8 ,

1 100% 0,

i
,/ 2 '100%. 20 j

!

3 100% 30
1

h 4 100% 40 .|g
!

5 100% 45

6 100% 50 1
|
,

..

7 100% 55
'

c>. -8: .100% 60

9 100% 65 r

'i'

10 100% 70

'

?,. 11 100% 75

12 100% 77.5
-

t ''
> - 13 100% -80 c,-

.y 1

14 100% 82.5
,

- 15 100% 80 i

)
J . 16 100% 87.5 ,

17 100% 90:

18 100% 92.5 i
.,; w .

'\:
19 100% 95

'

w, '

,

20 100% 97.5 '
a

'

21 100% 100'

"'
- 22 100% 100'

t
., .

i
23 100% 100'

i
+
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Table 7.8 .
,

|Comparison Of Lateral Deflection Between ADINA
and NONLIN2 Models at Ag = 1.0 g

Location ADINA NONLIN2
Deflection (in) Deflection t'in)

Elev. 854'-6" 1.47 1.76'

!

,

?

v

m.

I.

t

.

|J
7-19
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Table 7.9
Effect of Cracking on Major * Shell Forces at

Base of Containment Wall and In Basemat (Task 3 Ag = 1.0g)

Aximuth = 00 Aximuth = 1800
Elevation and Response With Without With Without

Cracking Cracking Cracking Cracking

1. Base of containment
wall Elev. 712'-0"

1.1 Meridional moment 527 1306 1019 957
(ft. kip /ft)

,

1.2 Transverse shear -48 -129 -100 -98
(kip /ft) i

1.3 Meridional force 171 218 -383 -322 !

(kip /ft)

2. Basemat(R=49'6") .

2.1 Radial moment 2592 3000 1514 2136
(ft. kip /ft) '

2.2 Transverse shea.- 375 371 -316 -316
(kip /ft)

*In-plane shcar force is also major force, but values are not
conveniently available to provide comparison.
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. Table 7.10 i
Comparison of Strains from ADINA Model +

and Simlified Analysis (SA) (Task 3 AH = 1.0g)
'

Strains x 10-3
location of Strain ADINA SA

'

1. Containment wall at Elev. 719'-0"

1.1 Principaltensfle.straininliner
Azimuth = 0 0.500 0.766-

0Azimuth = 30 0.676 0.669-

0Azimuth = 60 0.470 0.440-

1.2.Outsidemeridignalrebarstrain
Azimuth = 0 1.260 1.731 '

-

0A:imuth = 30 1.100 1.500-

Azimuth = 600 0.680 1.072-

1.3 Inside meridional rebars strain
0Azimuth = 0 0.129 0.061-

0Azimuth = 30 0.120 0.053-

0Azimuth = 60 0.096 0.059 ;-

1

1.4 Average concrete meridional strain d

0Azimuth = 180 -0.150 -0.131 'I-

2. Containment wall at Elev. 752'-0"

2.1 Principal tensile strain
0- Azi:nuth 6 0 0.350 0.290

0Azimuth = 30 0.560 0.250-

Azimuth = 600 0.490 0.200 ;
-

12.2 Meridional rebar strain
Azimuth = 0 0.330 0.492 1

-

0Azimuth = 30 0.390 0.489
'

-

Azimuth = 60 0.267 0.398-

2.3 Average concrete meridional strain
Azimuth = 180 -0.129 -0.110 |

0
-

|
3. Basemat at radius of 49'-6" 1

(between drywell and containment walls)

3.1 Principal tensile strain in liner
0Azimuth = 0 0.502 0.923-

3.2 Top radial rebar !
Azimuth = 0 id4 0.925r-

13.3 Bottom radial rebar
- Aziuuth = 1800 0.61u 1.240

7-21 !
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|
8. ASSUMPTIONS, UNCERTAINTIES, AND THEIR IMPACT ON THE RESULTS

8.0 General l

|
In general, in the process of performing seismic analysis and evaluation
one has to make a number of idealizations and parameter selections to
arrive at the final results. A general and detailed discussion of

1

uncertainties is included-in Reference 8.1. The evaluation of contain- '

ment seismic capacity, in this study, required additional idealizations
and parameter selections, involving additional uncertainties. This
chapter is devoted to a discussion of the important assumptions and
parameter selections specific to this study, which have been variously
discussed throughout the report. Where possible, the impact of choices
made to arrive at the final results is also assessed.

The assumptions and uncertainties discussed are classified under four
groups. These groups are: definition of seismic input, seismic analysis
chain, basic material strength parameters, and evaluation criteria.
Sections 8.1 through 8.4 discuss items in these four categories. The
conclusions of the discussion are given in Section 8.5.

8.1 Definition of Seismic Input

The calculated capacity margin factors are stated with reference to a
peak horizontal ground acceleration value A . In our evaluations weH

,

have assumed that there will be three time histories simultaneously
acting on the structure, i.e., two horizontal components with peak
amplitude AH and a vertical component, the peak value of which is aiso
equal to A . This basis is consistent with Regulatory Guide 1.60 andH
Standard Review Plan 3.7.1. Given this fact, the additional parameters
for defining seismic input are a description of frequency content and
duration of seismic excitation. In this study these items are defined '

by requiring that synthetic time histories used have response spectra
consistent with the NRC Regulatory Guide 1.60 spectra. The duration of
motion used in most cases of time history analysis is 6.0 Seconds.

With the exception of soil liquefaction limit state, all other limit
states considered in this study depend on the maximum responses. For the
time histories used maximum responses generally occur within the first
six seconds of time history. The effect of cycles of oscillation to
cause initiation of liquefaction has been properly considered within the
criteria used for the liquefaction limit state. Consequently, it is our
judgment that the seismic motion duration used in our study does not
introduce any uncertainty into the reported results.

| The frequency content of the synthetic time histories used introduces
certain conservatism into the results given in this report. This is
quantified as follows. consider horizontal motion first. Figure 2.5
compares the 5% damped spectrum of motion used to the corresponding

! Regulatory Guide 1.60 spectrum. The frequency range of interest for
containment structural responses is from 1 cps to 20 cps. In this range
of frequency, the spectrum of motion used is about 14% conservative
relative to the Regulatory Guide 1.60 spectrum. There 15 an additional
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conservatism arising from the Regulatory Guide spectrum itself. Figure
8.1 shows comparison of the Regulatory Guide spectrum to the median
spectrum of spectral data set which generated the Regulatory Guide
spectrum. Based on this figure a conservatism of 25% is.obtained in the
frequency range from 1 cps to 20 cps. Combining this information, the
conservatism factor for the horizontal motion used is 1.14 x 1.25 = 1.43
relative to the median spectra of actual seismic records.

For the vertical motion comments similar to above discussion for
horizontal motion can be made. Additional consideration is related to4

the proper definition o? the vertical motion spectra. According to'

Reference 2.2, a more proper definition of the vertical spectra is to
consider them to be two-thirds of the horizontal spectra. The
comparison given in Figure 8.2 shows that between 3 and 33 cps, where
most vertical frequencies of containments lie, the Regulatory Guide
vertical spectrum is 1.5 times higher than the 2/3 of the Regulatory
Guide horizontal spectrum.

Although certain component responses may be more sensitive to vertical
earthquake input, the majority of the containment limit states in this
report are more significantly influenced by the horizontal seismic
component. Accordingly, the conservatism of horizontal input is ;

considered to better represent the conservatism of the input motion.
'

8.2 Seismic Analysis Chain

8.2.1 Foundation Soil Spring and Dashpot Constants

The soil shear modulus and the method used for calculating the soil !
spring and dashpot constants are principal sources of uncertainty in the
determination of these constants.

The high levels of seismic input considered in this study will introduce
,

high strain levels in the foundation material. Data in Reference 8.2 |
'shows that at shear strain levels near 0.1%, the soil shear modulus will

have a variability of approximately 25% about the mean values used in
this study.

In the present study, soil spring and dashpot constants were evaluated
! using equivalent half-space equations. An alternative approach would
L have been to use the impedance function approach which yields spring and
I dashpot constants as a function of frequency. One would then determine

f requency independent constants required for the studies in this report
by selecting the value at zero frequency. Figure 8.3 shows the
horizontal spring constant for Clinton obtained as a function of
frequency for AH 0.50g. The result obtained from the half-space=

calculation is also shown in this figure. Using the value at zero
frequency, it is concluded that the alternative calculation of spring
constant could have introduced a variability of approximately 10%.

'

Combining the effects of variability in horizontal spring constant from
soil shear modulus, and from the method of calculation, we arrive at a
combined variability of approximately 38%.

8-2
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Table 8.1 lists horizontal spring constants used in Clinton seismic
model and seismic responses obtained at the base of the containment.

,

This information is listed for values of Ay = 0.45g and 1.0g. Note that
for these two values of A the horizontal spring constant changes by a ig
factor of 2.3, i.e., from 3.3 x 105 kip /ft to 1.43 x 105 kip /ft. If we
multiply'the responses for Ag = 0.45g by 1/0.45 and compare them to the
responses at Ag = ,1.0g in Table 8.1, we conclude that seismic responses
change by a factor of 1.4 due to a change in spring constant by a factor
of 2.3. :

Based on above comparisons, we can conclude that variability in seismic
forces, used in containment evaluations in this report, due to a 38%
variability in horizontal foundation spring constant could be estimated
as (0.38/2.3) x 1.4 = 1.23, i.e., 23%.

The above attempt at quantification of the effects of variability in
foundation spring and dashpot constants is obviously quite approximate.
It'is based on a comparison of only Clinton containment responses, and a
comparison of only horizontal spring constant in the Clinton seismic ;

model. There are vertical and rocking spring constants and three dash- '

pots also in the seismic model, which have different amounts of vari-
.

ability in different containments. Rock foundation properties may have m

different variability than soil, foundation properties. Therefore, the
variability in foundation spring and dashpot constants may be quite
different under different circumstances. "

In addition to the variability in seismic responses due to foundation
constant variability, the basemat shear and moment due to non-seismic
loads are also significantly affected by the choice of foundation spring
constants.

As seen from the comparison and discussion provided above, the contain-
ment and basemat responses are rather significantly affected by founda-
tion constants. It is concluded from this discussion that any specific
evaluation of containment seismic capacity should recognize the
variability in foundation constants and appropriately consider its
effect on the results.

8.2.2 Parameters Affecting Initiation of Uplift

i Factors preventing the occurrence of uplif t are dead load, adhesion at
the basemat foundation interface, and side friction on the basement r

| walls. Clearly, adhesion and friction values have considerably more
| variability than dead load. After uplift occurs, stiffness character- >

l istics of the structure are affected somewhat. More significant
! influences of uplift are an increase in bearing pressure due to reduced

area of contact between the basemat and foundation and increases in the i

high frequency range of the response spectra (8 cps and above) and
basemat shear and moment because of hard impact between basemat and the
stiff rock foundation material.

1

! Only minimal changes in containment wall structural response were
calculated for the three containments (Zion, Fermi, and Sequoyah) for
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which uplift occurred. Consequen' :y, variability in parameters
initiating uplift is not considerca important for containment wall
response.

The nature of response spectra is quite sensitive to uplifting on rock
foundations, and this may have consequence for qualification of some
components. Two types of components evaluated in this report used in-
structure response spectra. These are bolted connections in Fermi and
Sequoyah and beam seats in Fermi. The margin factors computed for these
components are hight as a result, these components do not govern the
seismic capacity. Consequently, the effect of variability in uplift
parameters is not considered important for the results of this report.

The increase in basemat response because of uolift is, however,
important. As indicated in Section 3.4.8, the basemat capacity of Fermi
could become controlling soon af ter uplif t occurs, rather than the
reported value of Au = 0.45g in Table 3.8. Preliminary studies show
that based on a varfability of 50% in frictional and adhesion effects,
the basemat capacity could be reduced to AH = 0.32g.

The increases in basemat response due to uplift have been factored into
basemat evaluation of Zion and Sequoyah containments. However, if due
to variability in the adhesion and side friction, the initiation of
uplift is delayed beyond the calculated basemat capacity, then the
actual capacities will be higher.

It is noted that treatment of uplift in the seismic model in this study
is rather simplified. Before the basemat uplifts, it has to push the

,

i

side soil up. This behavior has been modeled in our analysis by
considering static side friction. It is believed that a more detailed
modeling of this phenomenon will show initiation of uplift at higher
acceleration levels than predicted in this study.

It should also be noted that, within the scope of this study, component
failures unrelated to containment integrity were not investigated. In '

view of significantly high spectral accelerations (over 20g's in the
case of Sequoyah) obtained at high frequencies after uplift, components ,

which are susceptible to such high frequency accelerations may be
affected, and their failure may influence the progression of a severe
accident. Therefore, uncertainties in the parameters affecting uplif t ;

may play a significant role when such components are evaluated.

8.2.3 Stiffness Parhmeters of Reinforced Concrete Elements

Generally values of concrete shear modulus, G, moment of inertia, I, and
normal area, A , were reduced from those applicable to a solid concreten
section to allow for the effect of cracking. Appendix A discusses the
logic used to obtain reduced shear modulus values for concrete contain-
ments at Clinton and Zion. The discussion in Section 7.3 showed that
for the Clinton containment, the selected value of reduced shear stiff-
ness was reasonable because of the favorable comparison for deflections
computed from the seismic analysis model using NONLIN2 program and the
detailed finite element analysis of that containment.
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Section 2.1.4 discussed the approsch used in this report for obtaining
reduced values of moment of inertia and normal area. Although we have
used a procedure which is of ten used in practice, it is pertinent to
note that calculated containment responses are not sensitive to the
selection of moment of inertia and normal area values. This is so,
because nuclear plant structures are basically deforming in shear as
they respond to seismic ground motion. Therefore, it is the shear
stiffness which is of primary significance. To illustrate this point, j

Table 8.2 shows the effect of variability in shear stiffness for Clinton '

containment. In this comparison results of two analyses are given. All
parameters in these analyses are the same except for shear modulus -

values which differ by a factor of two. It is seen that the shear and ,

moment increases by almost 30% due to an increase in shear modulus by a
,

factor of two. -

Figure 8.4 compares the response spectra, obtained at the Clinton i

containment node 15 of Figure 4.6, from the two analyses. The sensiti-
vity of the response to shear stiffness variation is evident from the
shift in the frequency response of the structure.

i

To illustrate the relative insensitivity of the containment response to
the changes in moment of inertia, . Table 8.3 shows a comparison of the
total seismic base shear- and moment obtained from two analyses of the
Zion seismic model of Figure 5.2. In these two analyses the only
difference was in the value of moment of inertia used for containment
beam. In one case the value used corresponds to a fully cracked
section. In the other analysis, the moment of inertia corresponds to -

the gross concrete section. Table 8.3 shows that a variation of nearly
four times in moment of inertia produced very little difference in ,

seismic response.
,

It is our conclusion, therefore, that effect of variabilities in moment
of inertia and normal area for concrete containments is not significant.

Since shear stiffness of concrete containment beams have used reasonable
values, it is our conclusion that the results presented for containment
structure in this report are realistic relative to the choice of stiff-
ness parameters.

8.2.4 Structural Damping
|

,

In the seismic models, structural damping has been considered using
viscous damping as given by Equation (2.14). The constants ofi

L proportionality for mass and stiffness matrices in Equation (2.14) were
l' selected to provide modal damping from 4% to 10% in the frequency range

of interest. These values compare favorably with the NRC Regulatory
Guide 1.61 damping values, which are 4% to 7%, for concrete and steel
structures and for SSE level of excitation. There has been a consider-
able amount of discussion in the nuclear industry on the conservative
nature of the NRC Regulatory Guide 1,61 damping velues. For example
Table 8.4, taken from Reference 8.1, compares the Regulatory Guide
damping values with other recommendations and with the measured test
results. It can be seen from this table that for concrete structures
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and SSE level of excitation, up to 18.7% damping was measured in
testing. Even based on the Newmark & Hall recommended value of 10%, it

' can be concluded that damping values used in this study are on the
conservative side for concrete structures. For steel containments, it
would appear from the data of Table 8.4 that the damping values used are

. reasonable.
,

The seismic analysis done in this study have provisions to consider
effect of material yielding. Therefore, any effect of hysteretic
damping beyond yielding is considered in the analysis.

8.2 F Calculation of Maximum Shell Forces and Element Strains In
Containment

For concrete containments the evaluation of containment shell and
basemat has been performed by an elastic shell analysis using program
DYNAX, followed by strain calculation using program TEMCO. This
simplified chain of analysis was evaluated using a nonlinear shell
analysis model for Clinton containment in Chapter 7. This evaluation
showed that for maximum strains in the liner and rebar, the results from
simplified analysis were on the conservative side by a factor which
varies from 10% to 75%. Results for transverse shear force in the
containment wall were found to be conservative by a factor of nearly
two. The transverse shear force on the basemat was closely predicted in
the simplified analysis. Thus, in general, the results presented in
this report on concrete containments should be considered a.m rvative.
A more detailed finite element evaluation is expected to improve the
margins as shown for Clinton containment in Chapter 7. ;

For steel containments, effect of seismic force on the containment shell
was derived through an approximate procedure based on reduced yield
stress and a beam analysis. Although this analysis showed sufficient
margin against failure criteria in Fermi containment, and no yielding in
Sequoyah containment, the confirmation of the simplified analysis
results through a nonlinear snell analysis may be desirable.

In both steel and concrete containments, the evaluation of basemat
forces when foundation uplift occurs, such as in Zion and Sequoyah, is
complicated by the fact that time history results are available from a
plane frame seismic model, and the forces for the three dimensional
basemat model have to be postulated from this information. For the
results presented in this report, this information was obtained by
applying the pattern of inertial loads generated from the seismic beam
model on the three-dimensional basemat model. In this analysis the
displacements of the foundation beam at its ends were enforced. This
approach for a partially lifted structure is considered quite
approximate. Although a time history analysis using an uplif ting,
materially nonlinear model is not considered feasible because of
prohibitive computational cost, analysis of an elastic, three-
dimensional model with potential for uplift is feasible. Such an
analysis with a refined basemat mesh is recommended to better define

| forces acting on various portions of a basemat subject to uplift.
|
|

l
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8.3 Basic Material Strength Parameters

Yield stress, f , for steel elements and concrete compressive strength,
f' arethebasTcmaterialstrengthparametersusedinthisstudy. The
min,imumspecifiedvaluesofyieldstressforvarioussteelsandconcrete
design compressive strength, increased by 17% for aging, were used in
all evaluations.

It is well known that the mean actual material strength properties are
higher than the minimum specified values. The variability of concrete
and reinforcing bar strength values has been discussed in Reference
8.1. Considering mean values, the increase in concrete compressive
strength, f ', over the minimum specified value is approxinately 30%,cwhich includes effect of aging. Since effect of aging has been
explicitly considered in this study, the f' used are
approximately 15% lower than the mean actual vafues. valuesSimilarly, the
yield stress of reinforcing bars is usually 10% to 20% higher depending
on the bar size, see Reference 8.1. The mean actual yield stress of
liner material is usually higher by 30%, and that of steel plates used
in a steel containment shell is by 10% to 20% higher than the minimum
specified values.

Based on the above, it can be concluded that the material strength
properties used in this study are conservative with respect to their

,

actual mean values. However, the estimated effect of this conservatism
on the calculated containment capacities is not substantial; it could be
of the order of 5% to 20%.

The capacities for limit states associated with foundation failure
depend upon the shear strength of the foundation material. The
variability in this parameter could be much higher than those for
concrete and steel, thus having a greater impact on the final results.
However, except for liquefaction potential in Clinton containment, the
foundation failures were not found to be governing. The uncertainty in
the liquefaction potential at Clinton is recognized, and could be
explored further.

8.4 Evaluation Criteria

As shown in Table 2.1, and discussed in Section 2.2, the evaluation
criteria for eleven out of sixteen limit states is considered
conservative, and the remaining five are considered as close, meaning
that there is no inherent conservatism in their use. The quantification
of conservatism inherent in the evaluation criteria is beyond the scope
of this study. It is pertinent to note, however, that the first few
controlling limit states, for each of the four containments, involve
evaluation criteria which are considered conservative. The only
exception to this is the limit state associated with the interference
between the containment and auxiliary building at Zion, where the
containment capacity is determined by an inability to further load the
analytical model, which in the context of present discussion is
considered as close, rather than conservative,

l
.
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It should'.also be noted that the shear capacity of the basemat, which
was found to be one of the controlling limit states in Fermi, Clinton
and Sequoyah containments, is based on conservative ACI Code provisions.
A similar consideration applies to the failure of biological shield wall
at fermi and shield building at Sequoyah. It is believed that use of a
three-dimensional analysis which employs failure criteria in terms of
reinforcing bar strain, or the inability to further load the analytical
model, can substantially improve the seismic capacity of the contain-
ments in these limit states.

8.5 Conclusions .

Based on a discussion of uncertainties and assumptions in this chapter. -'

the following conclusions can be drawn:

1. The input ground motion, for a given maximum horizontal ground
acceleration, used in the analysis is conservative with respect to ,

a median ground motion associated with the same horizontal ground -

acceleration. This conservatism is approximately 43%.

2. The foundation soil spring and dashpot constants involve a
significant amount of uncertainty. The effect of uncertainty in
this area on the seismic responses, while difficult to quantify
could be also significant. Therefore, it is important to address
this area of uncertainty, either probabilistically or determin-
istically, in any further study of containment selsmic capacity.

3. The modeling and treatment of basemat uplif t phenomenon in this -
study are considered approximate. Since uplif t has a significant
effect on the basemat response, which has been found to be one of
the common controlling limit states, refinement of uplift consider-
ation is considered appropriate. -

4 Out of the three stiffness parameters for the concrete containment
beams, i.e., normal cross sectional area, moment of inertia, and
effective shear area, the effect of normal cross-sectional area and |
moment of inertia is minor. The effect of effective shear area on
containment response is important, and this effect has been
reasonably considered in the analysis.

5. Structural damping values used in the analysis are on the conser-
vative side for concrete, and reasonable for steel elements.

6. Based on a comparison of the results obtained from the simplified
analysis and a three-dimensional, quasi-static, nonlinear finite
element evaluation of Clinton containment, it is concluded that the
simplified evaluation procedure yields conservative estimates of
containment wall reinforcing bar and liner strains.

7. The evaluations performed for the shield wall in Fermi and
Sequoyah, are considered conservative, based on the evaluation
criteria employed. A three-dimensional, materially nonlinear
analysis could significantly improve the capacities reported here.

8-8



,

a

I8. The basemat transverse shear evaluations performed in this study
are considered conservative in view of the ACI Code shear capacit-
ies used. A three-dimensional quasi-static, materially nonlinear
analysis could improve the predicted capacities significantly,
Also, where basemat uplift occurs, it is believed that prediction
of forces in this study is somewhat approximate. A time-history
analysis using an elastic, three-dimensional model of containment
and basemat, with consideration of uplifting foundation, is consid-
ered an appropriate improvement for determination of basemat
forces.

9. Analyses of steel containment, at Fermi and Sequoyah, consider the
effect of biaxial state of stress in an approximate manner.
Confirmatory studies using three-dimensional shell models that
consider plasticity and quasi-static loading, are considered
feasible and appropriate for this purpose.

10. The basic material strength parameters, i.e., concrete compressive
strength and steel yield stress, used in this study are based on
the minimum specified values, rather than on actual strength
values. The effect of this conservatism on the calculated contain-
ment capacity is, however, not significant; it may range from 5% to
20%. The variability in soil shear strength may be more signifi-
cant. However, except for liquefaction potential at Clinton, the
limit states associated with the foundation were not found to be
controlling. I

11. The evaluation criteria used in this study for all the governing
limit states, with the exception of interference of Zion contain-
ment with the adjacent auxiliary building, are considered conser-
vative.
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Table 8.1
<

Effect of Variation in the Horizontal Spring Constant on
Base Shear and Moment for Clinton Containment'

i

I

-J

-

Item AH = 0.45g AH = 1.0g

Horizontal Spring Constant 3.30 x 108 1.43 x 106
(kip /ft.)

Baseshear(kips) 20,296- 32,383.

BaseMoment(ft-kip) 2.31 x 106 3.66 x 106

|

|

|

l
e

|

|

|

|
|

['
; ,.

i

|
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Table 8.2c.i .

i

Effect of Variation in Concretu Shear>

Stiffness on Containment Seismic Responsei

(Clinton,Ag = 0.25g)

Shear Stiffness Response at Base of Cylinder Wall
Reduction Factor Shear Moment
(Ger./Go) (kips) (ft.kigl

,

0.12 per Appendix A 14,200 1.82 x 105

0.24 18,300 2.33 x 106

|

.

I

!

,

:

"

|
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Table 8.3

Effect of Variation of Containment Moment of Inertia
On Containment Seismic Response

(Zion AH = 1.0g)

Values of I Used Response at Base of Cylinder Wall
for Containment Beam Shear Moment

(ft") (kipsl (ft-x)

0.89 x 106 642,000 5.76 x 10
(Fully cracked)

4.06 x 106 843,000 5.82 x 10
(Gross section)

:

i

i

|

|
|
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Table 8.4
,

'

Comparison of Available Noclear Station Experimentally
Measured Damping and Regulatory Requirements

and Recommendations'

Best Estimate or Mean Value Damping Values -

(1) (2) (3) (4) (5) (6) (7) (8) (9)

. Reactor system
piping 3.4 2.0 8.1 2.0 10.0 3.0 3.0 12.7 16.2

Mechanical
components 3.8 3.0 5.7 2.0 6.5 4.0 7.0 7.7 9.1

| Concrete '

Structures 5.2 5.0 7.5 4.0 13.9 7.0 10.0 18.7 25.0 ;

| Column Heading :

(1) Average of measured data for stress levels at or less than 0.1
yield for components and piping, and 0.25 yield for concrete, from

; Table B.1 of Reference 8.3.
|
'

(2) Suggested Newmark and Hall values at approximately 0.5 yield
(Newmark and Hall " Development of Criteria for Seismic Review of ,

SelectedNuclearPowerPlants,"NUREG/CR-0098,May1978.)

(3) Measured damping values normalized to 0.5 yield stress, using
'

procedures shown in Appendix B of Reference 8.3.

(4) Regulatory Guide 1,61 values for stress levels of approximately
0.67 yield (OBE).

| .

(5) Measured damping values normalized to 0.67 yield stress, using,

procedures shown in Appendix B of Reference 8.3.
'

(6) Regulatory Guide 1.61 values for stress levels of approximately
0.90 yield (SSE).

.

(7) Suggested Newmark and Hall values at approximately 0.9 yield
(Newmark and Hall, " Development of Critaria for Seismic Review of
Selected Nuclear Power Plants," NUREG/CR-0098, May 1978.)

(8) Measured damping values normalized to 0.9 yield stress (f aulted: ,

buildings; emergency: componentsupports). 7

(9) Measured damping values normalized to 1.2 yield stress (faulted:
componentsupports).

'

,
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; 9.0 OVERALL CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDIES

I Specific conclusions from this study of the four containments are given
) in Chapters 3 through 8. Overall conclusions and recommendations for

future studies are given in this chapter.'

Overall Conclusions

The overall-conclusions of this study are as follows:

1. All four containments evaluated have seismic capacities at least
three times higher than their respective design-basis SSE. Table
9.1 lists the first few governing limit states for each containment
and their associated capacities for Tasks 3 and 5. For earlier
vintage containments, i.e., Fermi, Zion and Sequoyah, the design
SSE spectral shape is the Housner spectra, which is less intense
'than the Regulatory Guide 1.60 spectra by a factor of about 2 for
the frequency range of interest to containments. Consequently,
this effect should be taken into account for these containments
when capacities in Table 9.1 are used to calculate the margin
relative to the design-basis. For the Farmi biological shield
wall, for example, the design-basis margin should be interpreted as

0. x 2 = 5.2

2. Many of the governing limit states listed in Table 9.1 for the
Fermi, Clinton, and Sequoyah containments are indirect limit
states, i.e., they are not directly related to the containment
pressure boundary, and for this reason may not have been considered
in other containment seismic capacity evaluations. The calculated
seismic capacities in these instances are not affected by the
presence of accident pressure and temperature in the containment.

3. None of the governing limit states for Task 3 in Table 9.1 are
associated with a significant straining of containment concrete
elements in compression to cause partial crushing, or with
significant tensile straining of containmer.t steel elements that
could cause depletion of ductility. Consequently, effects of such
initial shock weakening of containments are not considered
important. For fermi and Sequoyah, the failure of the shield wall
or building due to an initial shock could cause additional loading
on steel containments. The capacities given in this report do not
consider effects of such interactions for aftershock capacity
evaluation. From the study of the four containments, it does not

i' appear that an initial main shock has a significant effect on the
| subsequent seismic capacity of the containment.

4. It can be seen from Table 9.1 that basemat f ailure in the trans-
| verse shear is an important direct limit state in the Fermi and

Sequoyah containments. Although shear failure of the basemat
should be considered a structural failure, determination of its

9-1
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significance for providing a potentially severe leak path requires
i further considerations.

5. The interaction of accident-imposed thermal and pressure loads with
seismic loads on the aftershock seismic capacity is important. In
some cases, the capacity is increased, as is illustrated by the
effect of thermal compression to increase Sequoyah basemat shear
capacity (see Table 9.1). In other cases, membrane tension due to
pressure reduces the seismic capacity. Table 9.1 illustrates this
effect on the Zion and the Clinton containments.

6. From a comparison of the results of the simplified methodology and
the three-dimensional Clinton containment analysis, the simplified j

methodology used here for concrete containments appears to provide |h

"conservative estimates of reinforcing bar and liner strains. The
estimates for transverse shear in the wall from this simplified
procedure are also conservative. Basemat shear and moment
predictions are reasonably close.

7. From a review of inherent uncertainties and the assumptions made in
the analysis performed, as discussed in Chapter 8, the results of
this study are generally conservative. The approach taken in this
study can be viewed as the Conservative Deterministic Failure
Margin (CDFM) method for determining the High Confidence of Low
Probability of Failure (HCLPF) seismic capacity of containments.

8. Based on the discussion of Chapter 8 on uncertainties for a seismic
capacity evaluation, the significant parameters subject to uncer-
tainty include seismic input, soil spring and dashpot constants,
parameters defining the initiation of uplif t phenomenon, reduction
in concrete shear stiffness due to cracking, and definition of
evaluation criteria for shear failure of concrete plate and shell
structures. It is important to properly define the variability of
these parameters in any further study of containment seismic
capacity. ;

9. Basemat uplift initiates somewhere after Ag = 0.25g for the Fermi, i

Zion, and Sequoyah containments. Due to its large extent, the
Clinton basemat does not uplif t even at Ag = 1.09 The effect of j

basemat uplift is significant for the Fermi and the Sequoyah
containments because of the hard impact condition between the j

basemat and rock foundation. The in-structure response spectra in !

high frequency range (above 8 Hz) increase significantly, and the I
'

basemat shear and moment are also significantly increased. The
base shear and moment in the containment wall, however, are not
significantly affected by uplift; they generally decrease ,

slightly. For the Zion containment, the effects of uplif t are !

relatively small because hard impact conditions at the basemat-soil
interface are not present.

i
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10. For the two containments founded on soil, i.e., Clinton and Zion,
the soil-structure interaction effect reduces the structural 7

response and the in-structure response spectra amplitudes in the
high frequency region. With intensification of motion and
associated soil softening, this attenuation increases further.

Recommendations for Future Studies
.

To perform this scoping study, several simplifying assumptions and
approximations were made. The study concentrated on considering
structural and foundation limit states. To confirm some of the
assumptions made, or to investigate critical equipment failures, the
following studies are recommended:

1. The failure of the biological shield wall in Fermi and shield
building in Sequoyah yielded the lowest seismic capacities for
these containments. The evaluations made are considered
conservative based on the ACI Code capacities used. A three-
dimensional, quasi-static, materially nonlinear analysis is
recommended to better predict the capacity of these shield walls, .

which may significantly improve the capacities reported herein. 'If "

such an evaluation does not improve the seismic capacity or if
additional capacity needs to be investigated, the effect of :
potential interactions of these failed buildings with containments
in determining seismic aftershock capacity should be considered.

b 2. The occurrence of uplift for containments founded on rock signifi- .

cantly affects the in-structure response spectra for frequencies
higher than 8 Hz. An investigation is necessary to show whether
high frequency excitations of the type calculated can affect the
functionality of critical components. In case these conditions

| exist, it is important to establish, through analytical studies
|. and/or testing, whether basemat uplift would occur in containments
" embedded into a rock foundation as is assumed in this report.The

study should include a proper representation of actual construction
practices used and their effect on the foundation uplift.

3. Since for steel containments the effect of biaxial stress states on
the containment shell was derived through an approximate procedure
based on reduced yield stress and a beam analysis, the confirmation
of this simplified analysis procedure through a quasi-static, non-
linear, three-dimensional shell analysis is recommended.

4. The basemat evaluations performed in this study are considered
approximate; where uplif t of basemat occurs, the prediction of
basemat forces is complex. The source of this complexity is in
providing appropriate definitions of simultaneous wall reactions,
mat inertia, and soil reactions including damping, that act on the
basemat. A time history analysis using an elastic, three-
dimensional model of containment and basemat with consideration of
uplifting foundation is recommended to improve the prediction of

,

forces. This improved basemat force distribution should be used to !
investigate basemat seismic capacity.

9-3
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Table 9.1 Governing Limit States and Conservative Estimates of Capacities'

Design SSE Task 32 Task 52
Containment and Socctra Limit State Capacity limit Stalg Capacity

Fermi 0.15g Failure of biological shield wall 039g Failure of biological shield wall 039g
11ousner$

Failure of basemat in shear and 0.45g Failure of basemat in shear and 0.45g
bending bending

Clinton 0.25g Liquefaction of soil under batenat 0.83g Liquefaction of soil under basemat 0.83g
RG 1.60

Failure of wall reinforcing bars and 1.0g
liner

Zion 0.17g Failure by interference hetween 0.75g Failure of wall reinforcing bars 034g
flousner8 containment and auxiliary buildings

Failure of wall in transverse shear 039g,
I

Failure by interference between 0.75g^
,

containment and auxiliary buildings

Shear failure at buttress plates 0.75g
|

Sequoyah 0.18g Failure of shield building 030g Failure of shield building . 030g
Ilousners

Failure of basemat in transverse shear 0.52g Failure of basemat in transverse shear >1.0g*

I
1. Capacities are given in terms of peak horizontal ground acceleration. A , and time histories consistent with Regulatory Guide 1.60 spectra.H

2. The loads considered in Task 3 include dead load, prestress (if applicable), and seismic load. The loads considered in Task 5 incInde the same

|
loads in Task 3 plus high pressure and temperature corresponding to a severe accident (see Table 1.4).

3. In the frequency range of interest to containment structural response, the Regulatory Guide I.60 spectra are about a factor of two higher than the
Housner spectra (see Figure 2.2). This difference must be accounted for when calc alating margins to failure relative to the original design basis.

4. The basemat shear capacity is higher in Task 5 than in Task 3 due to the beneficial effect of compression resulting from thermal loads in Task 5.

r
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APPENDIX A
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SHEAR MODULUS REDUCTION FACTOR FOR
BEAM MODELS OF CONCRETE CONTAINMENTS 4
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A.1 Proposed Criterion"

! When concrete cracking is expected at a level of peak ground acceler-
ation being considered the. shear modulus of beam elements should be

are used in this report.reduced. The following values of Ger/00,

Shear modulus of equivalent beam when, within the beamG =er. length, concrete is expected to crack.

Shear modulus of equivalent beam when concrete is notG =
o

[1
expected to crack,

Containment Gg/Gy o

>' Clinton 0.12
Zion 0.42'

A.2 Discussion
'

Values of G /G determined in tests of reinforced concrete panels
loadedinbiEiaitensionwithmembraneshear,puremembraneshear,and
biaxial compression with membrane shear were examined. These . test i

results are reported in References A.1, A.2 and A.3. Through this
examination and using a secant shear modulus corresponding to failure
shear, it was concluded that the modulus ratio is about 0.05 for speci-
mens loaded in tension plus shear, 0.10 for specimens in pure shear and
a function of compressive stress when compression is less than about
1400 psi. No reduction in modulus occurs when compression exceeds 1400
psi.

.

The above postulated element behavior was translated into an average
shear modulus reduction factor for a tubular section which is used to
represent the cross-section of concrete containment. Figure A.1 shows
the assigned values of ratio Ger/C on 12 elements covering one half ofo
a containment circumference. In assigning these values to elements,

+ DL + Prestress (where applicable) werestresses frou 2.5 (SSE)
considered.

for the center six elements in the
figure was used to determine tTe/GfistedratioGcr/G above.The center
The average value of ratio G

o ,

portion was considered because this is the area where most shear is
resisted.>

The shear area to be used for shear stiffness calculation of tubular
section will be 0.5 x the area of the tubular section.

|
a
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APPENDIX B

BUCKLING CRITERIA USED FOR FERMI CONTAINMENT: i

MODIFIED CODE CASE W-2B4 AND BOSOR ANALYSIS !

!
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- B.1 Modification of the Theoretical Buckling Value

The buckling criteria described in ASME Section III, Code Case N-284 is
,

based upon determining the theoretical critical buckling stressi

et = 0.605 Et/R (B.1)

where E is the modulus of elasticity, t is the shell thickness, and R is
the constant radius of the spherical shell.

This theoretical buckling value as presented in the reference Code Case
is based on a spherical shell of uniform thickness in which the
unidirectional compressive stress is of a constant magnitude at all
points, both along the meridian and around the circumference. The
orthogonal stress is understood for this formula to be equal to zero.

The loading combinations shown in Table 1.3 of this report cause a
meridional compressive stress which increases in magnitude at descending ;

elevations along the shell meridian. Corresponding respective circum-
ferential tensile stresses also vary in a similar fashion. Recognizing j

that this loading condition cannot be realistically represented by use j

of the Code Case formula Equation (B.1), the computer code B050R is I

utilized, which is an equivalent formulation used to calculate the
critical buckling value for the varying magnitude loading. The input
for use in this solution consists of the calculated meridional and
circumferential stresses at some selected points along the shell
meridian. BOSOR output consists of eigenvalues, which, when multiplied
by the actual stress, provide the theoretical values for critical buck 1-
ing of a shell not subject to any imperfections.

B.2 Modification of the Capacity Reduction Factor

The theoretical buckling value is multiplied by a " capacity reduction
factor," see Figure B.1, herein referred to as a " knockdown f actor," ,

which accounts for the effects of construction imperfections. Using the
curve of uniaxial compression from Figure B.1, a knockdown f actor of
0.207 can be obtained for an unstiffened shell. Although the analysis
presented in this report could conservatively utilize this knockdown ,

factor, further modification has been made to account for the case
wherein first direction compression is accompanied by orthogonal
tension. This orthogonal tensile stress has the effect of rounding the,

! shell and reducing the effect of imperfections experienced during the
I fabrication and construction phase. To quantify the critical buckling

stress, Scr, including this effect, the following technique is,used.

S = 0.125 E(t/R) + 6 (8.2)cr cr

| where is the term which accounts for the stiffening effect of the '

ao

| equivale d internal pressure and is found in accordance with "The
| Stability of Thin-Walled Unstiffened Circular Cylinders Under Axial
| Compression including the Effects of Internal Pressure" by Harris, Suer,

Skene and Benjamin which appeared in Journal of the Aercnautical
; Sciences - August 1957.

1 B-2
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!
Using this reference, the parameter x may be determined to be :

(f)( ) (B.3)x=

Where P is the equivalent pressure; and E, t and R are the same as in !
Equation (B.1). The equivalent internal pressure, P. is the pressure
which would result in a tensile stress equal to the calculated ,

orthogonal stress, S, and may be found as follows
,

hxS(tensile) (B.4)P=

Using the calculated value of x from Equation (B.3), determine the a cras follows:

Y=.01983 + .7886 x -1.5272 x2 + 1.5208 x8 .73323 x" + '

.13399 x5 (B.5) t

Etoocr = pY (B.6)

Equation (8.5) is a curve fit for charts included in the paper listed
above. Use of A cr, from Equation (B.6), in Equation (B.2) gives S cr*

The ratio of the critical buckling stress S "dified " capacity reduction
to the theoretical buck 1-e ,

ing stress o t, is used to determine a moc 7factor." This accounts for the enhanced ability of the shell to resist
buckling. Thus, the modified knockdown factor

i
S cr i

KD

mod * (theoretical compressive allowable. ( ct) (0*7)

B.3 Evaluation of Margin for Buckling
,

The capacity margin factor of the containment shell is determined as
follows:

|i
-

| 1. Determine the theoretical buckling stress using computer code *

I BOSOR, CBI Code No. 1443.

2. Determine the modified knockdown factor from Equation (B.7).

3. Multiply the theoretical buckling stress by the modified knockdowne-

factor. Calculate the capacity margin factor by dividing the
critical buckling stress thus obtained by the actual calculated
compressive stress at the section.

!

t

?

i
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Figure B.1 Capacity Reduction Factors For Local Buckling '
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APPENDIX C f

SELECTED RESPONSES FROM SEISMIC ANALYSIS MODELS
r

This Appendix contains the following responses at selected locations of i
the fermi, Clinton, Zion and Segunyah Seismic anglysis models. !

* Maximum values of seismic shears and moments
* Maximum horizontal displacements relative to basemat
* Maximum of horizontal and vertical absolute acceleration
* Nodal response spectra

Responses are presented for values of peak horizontal ground
acceleration, A , for which time history analyses were performed forg
purposes of this report. For reasons discussed in the next paragraph,
these responses are identical for Tasks 3, 4, 5, and 6.

The seismic analysis models were intended to capture four types of
nonlinearity |

|
a. cracking of concrete,
b. change in soil properties at high acceleration levels, ;

c. uplift of basemat and
!

d. membrane yielding

Nonlinearities a and b were treated by changing the stiffness parameters
in the model at various AH values; selected stiffness did not change
during the integration of equations of motion. Nonlinearity c occurred "

for fermi, Zion and Sequoyah containments and its instantaneous effect
was considered in the solution of equations of motion. Membrane
yielding occurred at different locations of only the Fermi containment
in different tasks. Results presented here for Fermi do not consider,

'

this membrane yielding effects, because the solution process of yielding
models did not cover the full duration time history for reasons of

| computational economy. Consequently, in the seismic results presented. *

| task identification is not given and the results are considered to apply
| for all tasks.

'

For convenience of reference the following table lists tables and
figures of this Appendix and their relation to the seismic analysis
models presented elsewhere in this report.

C-1
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Key to Information Summarized
L

CDNTAINMEWT RESPONSE TABLE FIGURE
:

fermi Moments and shears C.1-1,

See Figure 3.7 Accelerations C.1-2
' for Seismic Model Displacements C.1 3
i Nodal response spectra C.1-1 through
i C.1 24 *
,

CTinton Moments and shears C.2-1
| See Figure 4.6 Accelerations C.2 2

for Seismic Model Displacements C.2-3
i . Nodal response spectra C.2-1 through

,
_

Zion Moments and shears C.3-1 <

' See Figure 5.2 Accelerations C.3 2
for Seismic Model Displacements C.3-3

,

Nodal response spectra C.3 1 through |
C.3-40 * '

{-

- Sequoyah Moments and shears C.4-1 !
See figure 6.3 Accelerations C.4-2 ;

for Seismic Model- Displacements C.4-3 i

Nodal rcsponse spectra C.4-1 through |

C.4-36 * !

!-

|1

<

,

I

i I
,

i

|

?

t

i

!

:
I
s

i

!

|- *These figures appear in microfiche form on the back cover of this report. ,-
:
|-

!
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Table C.1-1
Maximum Values of Moments and Shears for Feral Seismic Model (8)

MOMENT (3) (x10' k-ft) SHEAR (x10' k)

ELEMENT (')
LOCATION IN MODEL 0.30g(2) 0.45g 0.66J 0.30g 0.45g 0.60g

Drywell Pedestal
at basemat 11 - 18 356.76 534.86 634.30 3.562 S.320 6.181

Steel Containment
at Embedment 18 - 23 27.88 41.81 50.62 .384 .576 .696

,

Steel Containment
at Elev. 597' 26 - 27 18.52 27.77 34.02 .350 .525 .637

?
" Steel Containment,

at Elev. 636' 41 - 39 5.48 8.22 10.21 .307 .460 .568

| Concrete Shield at
Elev. 584' 22 - 30 165.05 247.52 302.16 2.332 3.496 4.126

Reactor-auxiliary
Building at Basemat 16 - 21 798.41 1197.00 1461.00 6.914 10.288 11.808

NOTES: (1) See Figure 3.7
(2) Values in this row refer to the peak horizontal ground accelerstion, AH
(3) Moment refers to the lower end of the element
(4) End nodes of element are listed

|
, |
| |
, :

|

-_ . . . _ . _ _ ~ --- _ _ ._.__. _ . _ .. _ . . _ _ _ _ , _ . _ . . _ , _ _ _ _ _ . - _ - - - _ _ - _ . . _ _ , _ _ _ _ - . . _ _ _ _ _ _ .



Table C.1-2

Maximum Values of Horirontal Displacement (R lativet
To Basemat for Feral Seismic Model 3'

DISPLACEMENT - f t
N00E IN

LOCATION MODEL 0.30g(8) 0.45g 0.60g

Steel Containment
~'

at Drywell Head 46 .099 .148 .198

Steel Containment
at Equator 26 .037 .055 .080

Top of Drywell
Pedestal 18 .017 .036 .039

i
'Reactor-aux. bldg. '

Elev. 685' 43 .132 .198 .259

Reactor-aux. bldg.
Elev. 642' 37 .107 .161 .211 i

Reactor-aux. bldg.
Elev. 614' 28 .057 .085 .115 >

!

Reactor-aux. bldg.
!

Elev. 584' 21 .033 .051 .060
,

NOTES: (1) See Figure 3.7 I
(2) Values in this row refer to peak horizontal ground ;

acceleration. AH ',

?

,

5
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Table C.1-3
Maximum Values of Absolute Horizontal and Vertical Acceleration for Fermi Seismic Model I')

HORIZONTAL ACCELERATION - g VERTICAL ACCELERATION - e
NODE IN

LOCATION MODEL 0.30g(2) 0.45g 0.60g 0. ."M)g 0.45g 0.60g

Steel Containment
at Drywell Head 46 .841 1.276 1.719 421 631 1.086. .

Steel Contairment
at Equator 26 .464 .698 1.392 398 596 .796. .

Top of Drywell
Pedestal 18 .398 .598 .966 384 575 .767p . .

Pedestal at
Basemat 11 .342 .513 684 374 561 .748. . .

Top of Concrete
Shield 50 1.045 1.E88 2.391 447 671 1.076. .

Reactor-aux. bido.
at Elev. 685'

~

43 1.124 1.686 2.220 608 911 4.231. .

Reactor-aux. b1dg.
at Elev. 642' 31 .796 1.200 1.393 %7 851 2.852. ,

Reactor-aux. bido.
at Elev. 584'

~

21 .521 781 1.042 452 679 3.804 i. . .

Notes: (if Sr Figure 3.7
(2) Values in this row Mar to the peak horizontal ground acceleration. AH

4
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Table C.2-1
Maximum Values of Moments and Shears for Clinton Seismic Model I')

MOMENT (3) (x10' k-ft) SHEAR (x10' kip)

ELEMENT (*)
LOCATION IN MODEL .25g(2) .45g .75g 1.00g .25g 45g .75g 1.00g

,

Containment at
Basemat 33 - 24 152.8 231.3 302.7 365.6 1.313 2.030 2.744 3.238

Contatraent at
Elev. 745' 15 - 6 117.5 177.7 232.8 283.9 1.165 1.767 2.345 2.724

n Drywell Wall

& at Basemat 37 - 28 126.3 196.6 270.3 314.3 1.810 2.834 3.880 4.515

RPV Pedestal
at Basemat 37 - 29 19.4 31.6 45.8 55.4 .350 .575 .842 1.022

Reactor-Control
Bldg. at Basemat 46 - 44 458.4 721.8 1020.0 1212.0 6.731 10.560 14.630 17.160

Notes: (1) See Figure 4.6
(2) Valuesinthisrowrefertothepeakhorizontalgroundacceleration,%
(3 Moment refers to the lower end of the element
(4 End node of element are listed

. _ . _ - . _ _ - - - _ _ _ - . . . . . - . - . - , ..- - ,. - - - ..-_. -. -- . .-. ,- ...,-. -.-. -.-- . . . . - . . . .-
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Table C.2-2 ;

Maximum Values of Horizontal Displacement i

RelativeToBasematforClintonSeismicModel(3)
;. . , .

!

DISPLACEMENT - ft j
NODE IN

LOCATION MODEL .25g(') .45g .75g 1.00g

Top of i

Containment 1 .098 .163 .282 .395 I

;

Containment |
at Elev 832' 4 .075 .127 .221 .315 j

Containment at ;

Elev. 801' 10 .061 .105 .187 .! ?3 1

;

Containment at
Elevation 745' 15 .031 .059 .122 .190

Top of Drywell
Wall 8 .102 .169 .260 .362 i

i-

Top of RPV 11 .090 .153 .239 .319 j

Top of Reactor f
Control 81dg. 5 .085 .139 .239 .339

Reactor-Control i

81dg. At Elev. .

801' 17 .063 .105 .194 .279 ;

f

Note: (1) See figure 4.6
(2) Values in this row refer to peak horizontal ground

,

acceleration. AH
'

,

I

i

I

e

t

t
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Table C.2-3
Maximum Values of Absolute Horizontal and Vertical Acceleration For Clinton Seismic Model (')

HORIZONTAL ACCLERATION - g VERTICAL ACCELERATION - g

N0DE IN
LOCATION MODEL .25g(*) .45g .75g 1.00g .259 .45g .75g 1.00g

Top of
Containment 1 .635 .959 1.383 1.725 .339 .568 .866 1.086

Containment
at Elev 832' 4 .474 .734 1.001 1.224 .324 .547 .840 1.0 58

Containment at
Elev. 801' 10 .400 .642 .981 1.217 .314 .533 .827 1.047

o
c'o Containnent at

Elev. 745' 15 .303 .527 .823 1.040 .291 .504 .793 1.016

Top of Drywell
Wall 8 .657 1.037 1.442 1.693 .305 .521 .813 1.0 38

Top of RPV 11 .726 1.192 1.748 2.127 .300 .520 .824 1.0 58

Top of Reactor
Control 81dg. 5 .931 1.527 2.219 2.681 .438 .737 1.130 1.423

Reactor Control
81dg. at Elev. 801' 17 .561 .897 1.275 1.523 .355 .609 .955 1.223

Notes: (1) See Figure 4.6
(2) Values in this row refer to peak horizontal ground acceleration, AH
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Table C.3-1
Maximum Values of Moments and Shears for Zion Seismic Model I'}

MOMENT (8) (x10' k-ft) SHEAR (x10" kip)

ELEMENT IN(*)
LOCATION MODEL .25g(2) .50g .759 1.00g .25g 50g .75g 1.00g

Containment at
Basemat 15 - 10 270.0 387.6 474.4 572.8 1.854 2.737 3.516 4.289

Containment at
Elev. 592' 9-8 226.3 326.8 391.8 483.6 1.795 2.564 3.255 3.965

? Containment at
Elev. 628' 7-6 163.5 238.3 278.0 365.9 1.647 2.331 2.880 3.488*

Primary Shield
at Basemat 31 - 45 14.5 24.9 34.5 44.1 .506 .879 1.224 1.570

Crane Wall
at Basemat 31 - 46 27.7 47.5 65.7 84.0 .742 1.276 1.771 2.265

Note: (1) See Figure 5.2
(2) Value in row refer to peak horizontal ground acceleration AH
(3) Moment refers to the lower end of the element
(4) End nodes of element are listed

r

I
__ . ___ _. . .. _ __ _ . . _ . _ _. - _ _ _ _ . . _ .
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Table C.3 2
MaximumValuesofDisplacementRela{ieTo Basemat for Zion Seismic Model

DISPLACEMENT - ft

LOCATION NODE .25g(2) .50g .75g 1.00g

'

Containment at
Elev. 755' 1 .143 .374 .602 .898

Containment (8)
at Elev. 646' 6 .070 .190 .302 .438

Containment
at Elev. 592' 9 .034 .097 .158 .216 i

Top of Primary
Shield 50 .054 .135 .222 .324

Top of Crane
Wall 53 .053 .135 .221 .322

:

Notes: (1 See Figure 5.2
(2 Values in row refer to peak horizontal ground acceleration, Ay
(3 This elevation approximatly represents the location of potentTal

impact with the auxiliary building

:

1
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Table C.3-3
Maximum Values of Absolute Horizontal and Vertical Accleration for Zion Seismic MODEL (*)

HORIZONTAL ACCELERATION - g VERTICAL ACCELERATION - g
N0DE IN

LOCATION MODEL .25g(2) .50g .75g 1.00g .25g .50g .75g 1.00g

Containment at
Elev. 755' 1 .454 .705 .771 1.035 .434 .810 1.176 1.543

Containment at
Elev. 646' 6 .256 .446 .582 .713 .346 .663 .972 1.281

Containment ato
g Elev. 592' 9 .253 .443 .676 .908 .284 .557 .825 1.094

Top of Primary
Shield 50 .611 1.055 1.463 1.877 .277 .539 .797 1.054

Top of Crane
Wall 53 .598 1.018 1.408 1.802 .268 .525 .774 1.026

|

Notes: (1) See Figure 5.2
(2) Values in this row refer to peak horizontal ground acceleration. AH

-- .. _ - . - .. . - . .. - - - _ . - _ - _ - - -
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Table C.4-1
Maximum Values of Moments and Shears for Sequoyah Seismic Model (')

MOMENT (3) (x10' k-ft) SHEAR (x10" kip)
ELEMENT IN(')

LOCATION MODEL 0.25g( 2) 0.50g 0.75g 1.00g 0.25g 0.50g 0.75g 1.0g
Steel Contain-
ment at Basemat 77 - 68 17.00 33.90 50.90 83.70 0.207 0.414 0.620 0.956
Steel Containment
at Elev. 692' 62 - 59 14.51 29.01 43.52 72.22 0.198 0.396 0.595 0.926

I
O Steal Containment

at Elev. 722' 44 - 41 9.04 18.07 27.11 46.30 0.165 0.331 0.4% 0.794

Steel Containment
at Elev. 760' 24 - 22 3.79 7.59 11.49 21.00 0.100 0.200 0.300 0.505

1

Shield Building
at 8asemat 77 - 67 256.00 513.00 770.00 927.60 2.370 4.730 7.120 8.570
Crane Wall
at Basemat 76 - 77 137.00 275.00 410.0G 541.00 2.250 4.500 6.710 8.840

Notes: (1) See Figure 6.3
(2) Values in this row refer to the peak horizontal ground acceleration, A

H(3) Moment refers to the lower end of the element
(4) End nodes of element are listed

- . . _ . . _ _ . _ _ _ . - . , _ ~ . - _ _ _ _ . - - - . _ _ _ _ _ _ - _ _ _ . _ _ _ . . _ _ _ _ _ _ _ . - - _ . _ _ _ _ _ . . _ _ _ _
__
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Table C.4-2
Maximum Value of Horizontal Displacement Rt14tive

To Basemat for Sequoyah Seismic Model 481

s

DISPLACEMENT - ft,,

LOCATION NODE .025gt'' O.50g 0.75g 1.00g

Top of Steel
Containment 1 .012 .024 .036 .068

~~~~

Steel Containment
at Elev. 191' 12 .009 .018 .026 .048

5' teel Containment
at Elev. 750' 26 .006 .011 .017 .030

Steel Contaiment
at Elev. 700' 56 .002 .003 .006 .009

Shield Building
at Elev. 829' 5 .053 .107 .164 .209

5 Ele'/d Building
et Elev. 791' 11 .041 .082 .126 .161

Top of Crane
Wall 27 .031 .063 .094 .126

.

Notes: (1) See Figure 6.3
(2) Values in this row refer to peak horizontal ground '

acceleration Ag

s
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Table C.4-3
Maximum Values of Absolute Horizontal and Vertical Acceleration for Sequoyah Seismic Model (1)

HORIZONTAL ACCELERATION - g VERTICAL ACCELERATION - g
N0DE IN

LOCATION MODEL 0.25g(2) 0.50g 0.75g 1.00g 0.25g 0.50g 0.75g 1.00g

Top of Steel
Containment 2 1.072 2.144 3.217 7.271 .341 .682 1.023 10.607

Steel Containment
at Elev. 791* 12 .857 1.714 2.572 4.200 .332 .665 .997 7.989

? Steel Containment
Z at Elev. 750' 26 .631 1.262 1.893 2.852 .316 .633 .949 6.378

Steel Containment
at Elev. 700' 56 .363 .726 1.089 1.553 .299 .598 .897 7.333

| Shield Building
at Elev. 829' 5 1.113 2.227 3.334 4.022 .600 1.200 1.799 5.860

Shield Building
at Elev. 791' 11 .903 1.807 2.717 3.387 .557 1.115 1.672 3.905

Top of Crane
Wall 27 1.201 2.402 3.605 4.793 .462 .923 1.385 8.491

Notes: (1) See Figure 6.3
(2) Values in this row refer to peak horizontal ground acceleration, AH

I

.

|

i
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Figure C.2-31 Horizontal Response Spectrum at Clinton Model Node 8
(AH = 0.75g, Damping = 54, Location = Drywell Wall
at Elevation 801')
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Figure C.2-45 Horizontal Response Spectrum at Clinton Model Node
46 (Ag= 1. 09, D ampi ng = 5 % , Loca ti on a Reactor-Control Building at Basemat, Elevation 712')
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Figure C.2-46 Vertical Response Spectrum at Clinton Model Node 46
(Ag = 1.0g, Damping = 5%, Location = Reactor-Control
Building at Basemat, Elevation 712')
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[ Figure C.2-47 Horizontal Response Spectrum at Clinton Model Node
17 (AH = 1.09, Damping = 5%, Location = Reactor-
Control building at Elevation 801')
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Figure C.3-1 Horizontal Response Spectrum at Zion Model Node 15
(AH= 0. 25g, Damping = 5%, Location = Containment
Basemat, Elevation 568' )
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l' Figure C.3-2 Vertical Response Spectrum at Zion Model Node 15
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I Figure C.3-3 Horizontal Response Spectrum at Zion Model Node 9
| (Ag 0.25g, Damping = St, Location = containment=

! Wall at Elevation 592')
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Figure C.3-7 Horizontal Response Spectrum at Zion Model Node 1
(Ag = 0. 25g, Damping = 5%, Location = Containment
Wall at Elevation 755')
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Figure C.3-8 Vertical Response Spectrum at Zion Model Node 1
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