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Executive Summary

This report describes a background study and
preliminary plans for a program to develop method-
ology for predicting the capacity of containment
structures under severe accident and environmental
conditions. The work reported here was completed
and presented to representatives of the NRC and an
advisory panel in March 1981. Refinements and modi-
fications in the program after March of 1981 will be
reported in future documents.

Both analytical and experimental efforts were
considered in the background study. It is concluded
that the end results of the program should be

* Bench-mark date from scale-model tests on se-
lected classes of containments, and

« A set of qualified computer programs that can
be used to determine the ultimate capacity of
steel, reinforced concrete, and prestressed con-
crete containments subjected to internal pres-
surization and seismic loadings.

Containment structures are designed, using elas-
tic methods, to withstand design basis accidents with-
out any loss of function. The ultimate capacity of
containment structures is generally greater than the
design level. The difference between design and ulti-
mate capacity represents a margin of safety for which
no reliable estimate is presently available. However,
the margin of safety is available for protection against
the effects of accidents beyond the design basis (e.g.,
degraded core accidents like TMI-2). This program
will establish analysis procedures that may be used to
predict, with known confidence, the ultimate capacity
of a containment and thus allow the information to be
integrated into reactor-risk analysis and accident-
response planning.

Loadings in excess of containment design loading
originate from two sources. First, the original design
criterion may be rendered obsolete by new knowledge.
For example, a geologic fault indicating greater seis-
mic risk may be located in the vicinity of the plant and
the safe-shutdown earthquake criterion may then be

revised. Second, a loading condition that was not
considered during the design process or that was
deemed too improbable to warrant integration into
the design conditions may be introduced. Examples of
such loadings are internal static pressure generated by
a hydrogen deflagration, a molten-core quenching
event, or a core-concrete interaction event. Internal
dynamic pressures caused by hydrogen detonation are
also an example of this second type of loading.

Containment structures are designed to meet the
requirements of each particular plant and are not
standardized. Therefore, it is necessary to qualify
analytical methods that may then be used to deter-
mine the ultimate load capacity of the containments.
The accepted procedure for qualification of an analyt-
ical method is to experimentally establish the behav-
ior and failure modes of representative structures
when they are subjected to specified loadings; then, to
demonstrate that the analytical method is abie to
predict (with the accuracy desired) the behavior, fail-
ure mode, and ultimate loading of the structures. A
literature search of containment structural testing
indicates this has been done only once. A 1/14-scale
nonreplica model of a prestressed concrete CANDU
containment was pressurized to failure. The measured
responses were in agreement with those predicted
using the BOSORS5 computer code. In this case the
containment model was axisymmetric except for pre-
stressing buttresses; that is, there were no penetra-
tions in the containment’s cylinder or dome.

In addition to the test of a CANDU containment,
a limited amount of ultimate-load testing of reactor
containments that did not include analytical correla-
tion has been conducted. Of the four scale-model tests
surveyed, all were static internal-pressure tests and all
models were of concrete containments. T'wo were con-
ducted in Japan, one in India, and one in Poland.
None of the published results indicate an attempt at
analytical correlation.

Investigations indicate that three loading condi-
tions (internal static pressure, internal dynamic pres-
sure, and seismic) and three types of containment



construction (welded steel, reinforced concrete, and
prestressed concrete) merit experimental investiga-
tion. The use of replica scale models was investigated
and found suitable for the qualification of analytical
methods. Ultimate load testing of models subjected to
internal static pressure presents no problem at this
time; however, experimental metnods will have to be

developed for both internal dynamic pressure and
seismic loading.

Multiple testing at several scales is required to
establish the repeatability and credibility of the ex-
perimental program. This demonstration of repeat-
ability and replication of results at different scales is
lacking in previous work.
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Background Study and Preliminary Plans
for a Program on the
Safety Margins of Containments

1. Introduction

This report describes a background study com-
pleted in March 1981. Preliminary program plans to
determine the capacity of containment structures un-
der severe accident and environmental conditions are
presented. The study considered both analytical and
experimental efforts. Proposed work includes testing
modeis of containment structures to failure. Results
from these tests will be compared with those obtained
using analytical methods (including computer codes)
in order to determine the extent to which these meth-
ods can predict ultimate failure levels and modes.
Computer code improvements will be made as neces-
sary.

1.1 Background

The function of the containment system is to
prevent the escape to the atmosphere of fission prod-
ucts that may be released from the reactor vessel. The
containment structure is designed to prevent leakage
for a variety of environment- and accident-loading
conditions. Design procedures are generally based
upen linear-elastic theory with factors of safety incor-
porated at various stages in the design process. Al-
though the design procedures appear adequate to
ensure safe operation for design loadings, extending
these procedures to predict ultimate capacity is not
feasible. However, loadings far more severe than de-
sign loadings can be postulated. For example, hydro-
gen deflagrations/detonations, which recently have
received considerable atiention because of the acci-
dent at Three Mile Island, may cause structural load-
ings in some containments that are higher than design
loadings. Also, the magnitude of extreme environ-
ments (specifically earthquake loadings) can*not be
predic .ed with confidence. If the potential risk associ-
ated with these extreme environments ard accident
conditions is to be assessed, knowledge of the ultimate
capacity of the containment structure is essentiai.

Although a number of computer codes are avail-
able for analyzing the nonlinear, inelastic behavior of
steel structures, the application of these programs to
the prediction of the ultimate capacity of containment
structures has limitations. In general, the existing
codes have not been quslified by comparision with
tests-to-failure of containment-like structures. No ul-
timate failure mechanism for biaxial and triaxial
stress is universally accepted. Also, steel containments
include a number of features (such as stiffeners and
penetraticns) that may have a significant effect upon
the overall structural behavior in the inelastic range.
Only by obtaining experimental information can
proper judgme:ts be raade about how to apply exist-
ing computational methods to the configurations of
interest.

The analytical modeling of the ultimate behavior
of concrete containments with high confidence is not
possible at present and may not be practical in the
near future. In addition to difficulties similar to those
for steel containments, some phenomena in the re-
sponse of reinforced/prestressed concrete contain-
ments are not well enough understood to be modeled
with confidence. Modeling using simplified approach-
es such as layering of concrete and steel is possible, but
the adequacy of these methods for handling large-
scale structures with realistic design features has not
been established.

Tests around the world of the ultimate capacity of
containment models have been limited. The large
amplitude, nonlinear response of steel containments
has not been investigated experimenta'ly. Pressure
tests of models of concrete containments indicate that
the models behave, in a gross sense, as predicted.
However, the only reported program that combined
extensive analytical effort with testing' used a con-
crete shell with butresses (i.e., penetrations and other
details were not included). Tests by others?® indicate

9



that large penetrations have a significant effect upon
containment response and initial leakage. A steel lin-
er, which is required for all concrete containments in
the US, was included in only one of the mode) tests;?
other types of liners or the lack of a liner caused
problems in many tests. Finally, none of the reported
model test programs included comparisons of results
with tests at different scales.

In ¢oaclusion, although containments can be ex-
pecied 1o runction adequately for design conditions,
the ultimate capacity cannot be predicted with confi-
dence. In general, previous testing has not been direct-
ed at qualifying the complex nonlinear computer
codes required for predicting the ultimate capacity. A
program of combined experimental and analytical
el urts is required.

1.2 Objective

The overall objective of this program is to develop
methodology for reliably predicting the ultimate ca-
pacity of steel and concrete containment structures
under loadings caused by accidents and severe envi-
ronments. The proposed approach is to test mnasis of
containment structures to failure. The suitability of
exiziing analytical methods for predicting ultimate-
failu-e levels will be determined by comparisons with
the test results. Improvements to computer codes wili
be made as necessary.

The specific loading conditions to he considered,
in crder of anticipated investigation, are

« Static-internal pressurization
¢ Dynamic-internal pressurization
» Seismic loadings

A survey of US operating and future plants (180
total) showed a large variety of containment types.
The followin; three typc., encompassing 75% ol Use
containments, w be consi .ered:

« Hybrid steel (ice condenser and MX-111)

* Reinforced concrete
* Prestressed concrete

Because it is impractical to test full-size contain-
ment structures, scaie models will be used. Several
requirements are necessary to achieve credible results.
Each of the items below is an integral part of this
program.

* A sound theoretical basis for the model design,

the test loading. and interpretation of test data
must be established.

* The model scale n s be chosen such that the
charactoristics to be getermined in the test are
accurately represented in the model.

* The scaie model must be fabricated with suffi-
cient ( are to insure that failure mechy.dsms not
precent in the prototype are not int-«iu ed into
the model.

* The test nethods must be sut. thi' failure
modes are not introduced or elimrmated in the
structure as a result of test procedures or test
faciliies.

¢ Instrumentation of sufficient accuracy and s n-

sitivity to record all phenomena of interest must
be empioyed.

« Adequate analvtical support must be incorpo-
rated into all phases of the experimental plan,

* Repeatability of experimental results must be
demonstrated.

Pecause the ultimate capacity and mod=s of fail-
ure of steel or concrete containments cannot be pre-
dicted witl. confidence using existing computer codes,
an analytical task that parallels the experimental
effort will be undertaken. Qualification of existing
codes will be attempted; modifications of existing
codes and development of new codes may be required.

The end results of this program will be:

* Bench-mark data from scele-model tests of se-
lected classes of containmeats.

« A set of qualified computer programs that can
be used to determine the ultimate capacity of
containment structures.

1.3 Program Scope

The overall objectives of this program are exten-
sive and will require s« reral year to accomplish. The
static aressurization of free-standing steel contain-
ments will consti*a the first phase of the program.
Detailed plans for this phase and later phases o1 the
program will be reported prior to their iniaton.

1.4 Structure of the Report

Section 2 contains a listing of coatainments for
operating and future US nuclear power plants, design
procedures used for containments, and a review of
previous failure tests of pressurized containments.
The continments (Section 2.1) are categorized by
type ot plant and method of construction (steel and
reinforced and praatressed concrete with a liner). De-
sign pressures are also given,



The three types of loading that will be considered
in this program (static and dynamic pressurization
and seismic) are discussed in Section 3. Although the
testing program will not consider the combination of
an earthquake load with internal pressurization, ana-
Iytical efforts will be directed to this possibility.

Existing methods of analysis for concrete and
steel containments are reviewed in Section 4. Al
though analysis of the failure level of steel contain-
ments is in a better state than that for concrete,
modeling with confidence is not possible at present.

Reguirements for models to be used in the experi-
mental effort are described in Section 5. Scaling laws
and the effect of using different scale factors are
discussed. The requirements for obtaining credible
results are presented.

In Section 6, experimental loading techniques and
facilities are discussed. Some static pressurization
tests can be conducted with existing Sandia facilities.
Modest new facilities are required for static tests of
large-scale models. Dynamic pressurization and seis-
mic loadings require additional developmental work.

Chapter 7 contains a brief summary and prelimi-
nary plans for the program. Detailed plans for each

phase of the program will be formulated as the pro-
Eram progresses.

Three appendices are included. Appendix A con-
tains details of the survey of existing and planned
nuclear containment structures. Results of a brief
search to identify full-size, containment-like struc-
tures that might be suitable ard available for use as
test specimens zre presented in Appendix B. The costs
of fabrication of ~teel, reinforced concrete, and pre-
stressed concrete containment models at scales from
1/50 to 1/4 are presented in Appendix C.
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2. Survey of Containments

2.1 Containment Types
2.1.1 Introduction

In order to ascertain the different types of con-
tainments in use and proposed for use, a survey of US
Light Water Reactor (LWR) containment structures
was conducted. This information will be used as input
in determining the priorities of this program. A dis-
cussion of containment types, such as single and dou-
ble barrier, is not given herein. The interested reader
is directed to a recent survey article.!

As of June 30, 1980 there were 69 LWRs licensed
for commercial operation in the US.? There are an
additional 116 land-based commercial LWR contain-
ments docketed with the NRC but not licensed for
commercial operations as of June 30, 1980.* Of the 116
proposed containments, information was obtained on
112 and this information is presented in Appendix A.
The four containments for which information was not
available are Douglas Point 1, Haven 1, and NYSE&G
1 and 2. Containments are catalogued in Appendix A
by reactor type, pressure-suppression system, princi-
pal construction material, and structural configura-
tion.

2.1.2 Structural Configuration and
Construction

There are six major structural configurations
(without regard for type of construction material)
used by the 181 containments listed in Appendix A.

« A vertical cylinder with a hemispherical dome
and flat base; 69 units or 38 use this configura-
tion, Figure 2.1-1 (a).

A vertical cylinder with a shallow (usually ellip-
soidal or torospherical) dome and flat base; 50
units or 28 use this configuration, Figure 2.1-1
(b).

A “light-bulb”/torus (MARK I); 25 units or 147

use this configuration, Figure 2.1-1 (¢).

A sphere; 13 units or 7% use this configuration,
Figure 2.1-1 (d).

A vertical cylinder with hemispherical dome end
ellipsoidal base; 12 units or 7% use this configu-
ration, Figure 2.1-1 (e).

« A truncated cone with or without a vertical
cylinder and flat base (MARK 11); 11 units or
687 use this configuration, Figure 2.1-1 (f).

This list accounts for 180 of the 181 containments.
The remaining containment, Humbolt Bay, is an early
design.

-

i) Cytind:icel Containment 1) MARK I (11 units)

Epacidel Base (12 unite)

June 30, 1980 Dets Base
Figure 2.1-1. Containment Structural Configurations

The containment structures are fabricated of steel
and/or concrete. The construction can be classified
into four major categories:

a. Prestressed reinforced concrete body with a

deformed-bar reinforced concrete base; 59
units or 337 use this construction.

b. Reinforced concrete®; 47 units or 26 use this
construction.

*The term “reinforced concrete” is used to identify conven-
tional deformed-bar reinforced concrete.

13



¢. Welded steel; 49 units or 267 use this con-
struction

d. Welded steel body with reinforced concrete
base; 23 units or 137 use this construction.

There are 178 units in the shove list. The three units
not included are Humbolt Bay, Ginna, and Robinson
2. Humbolt Bay has a welded steel dry well and
deformed -bar reinforced concrete wet well. Ginna and
Robinson 2 are constructed of reinforced cencrete
with vertical prestressed reinforcement and de-
formed-bar hoop reinforcement.

Table 2.1-1 contains a summary of the reactor
containment structures by configuration and con-
struction materials. Tables 2.1-2, 2.1-3, and 2.1-4 con-
tain the same information with the addition of reactor
type (BWR or PWR), pressure-suppression system,
and modified configuration descriptions. Table 2.1-2
is for reactors that have operating licenses; Table 2.1-3
is for reactors that are docketed, but did not have
operating licenses as of June 30, 1980, One plant
(Washington 2) is omitted from Table 2.1-3 because
its containment structure is unique. It is the only
MARK II plant with a steel containment. Table 2.1-4
contains a composite of the information in
Tables 2.1-2 and 2.1-3.

Twenty-two power reactors are expected to be
placed in commercial operation between June 30, 1980
and December 31, 1982.¢ Fifteen of these reactors are
PWRs and the remaining seven are BWRs. The reac-
tors and their expected operational dates are listed in
Table 2.1-5. This information was abstracted from
Appendix A.

2.1.3 Containment Structure Design
Pressure

The containment structure design pressure is
based on a severe (Class 8) accident, usually a loss of
coolant accident (LOCA), the pressure suppression
system (if any), and the containment structure free
voiume. The design pressures for 48 containment
structures were obtained from a Chicago Bridge and
Iron Company publication;® 57 containment structure
design pressures were obtained from Preliminary and
Final Safety Analysis Reports; 13 were obtained from
Reference 6 and an additional 8 design pressures from
Reference 7 for a total of 126 out of the 181 contain-
ments listed in Appendix A. There are some discrep-
ancies between the design pressures stated for the
same containments in the references; however, it is
conceivable that in some cases the conflicting refer-
ences stated cold test or calculated maximum pres-
sures rather than design pressure. The design pressure
information is presented in Table 2.1-6.
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Table 2.1.3. Summary of Future US Power
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Table 2.1-5. Near-Future Commercial

Reactors
Pressure

Plant Suppressicn Expected

Name System Operation
Fermi 2 MARK | 1982
Susquehanna 1 MARK 11 1982
L.a Salle 1 & 2 MARK II 1981/1982
Zimmer MARK I 1981
Clinton 1 MARK I 1982
Grand Gulf 1 MARK 111 1982
Sequoyah 1 & 2 Ice Condenser  1980/1981
McGuire 1 & 2 Ice Condenser  1981/1982
Watts Bar 1 & 2 Ice Condenser  1981/1982
Commarche Peak 1 None 1981
Diablo Canyon 1 & 2 None 1981
Salem 2 None 1981
Calloway 1 None 1982
Summer None 1981
Farley 2 None 1981
San Onofre 2 None 1981
Waterford 3 None 1982

Table 2.1.6. Design Pressures
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2.1.4 Seismic Design Parameters

The major seismic design parameters for current-
ly licensed power plants (as of May 1980) are given in
Reference 8. Information for proposed plants will be
obtained later if required.

2.1.5 Summary

There are 181 commercial nuclear-power reactors
listed in References 2 and 3 as operating or planned.
These reactors are cataloged in Appendix A by con-
tainment structure type. The expected operational
date of the power reactors (other than those already in
operation) is also listed. Twenty-one of 112 proposed
plants have been cancelled or have an indefinite start-
ing date. The elimination of these plants from the data
set would not change the priorities of the program.

2.2 Design Procedures

The purpose and goals of this program are better
understood if there is a general understanding of the
procedures used in the design of containment struc-
tures. Because of the number of different types of
containment structures and loading conditions, sever-
al design procedures are used. However, certain gener-
alities in the design process are evident; some of the
general design procedures will be reviewed in this
section. The inappropriateness of extrapolating de-
sign procedures to predict ultimate capacity will also
be discussed.

Containment vessels in the US are designed to
satisfy the criteria in Section III of the ASME Pres-
sure Vessel Code.® ' The NRC’s Standard Review
Plan'' references the ASME code but also modifies
some criteria and references other NRC regulation
documents. During the time from preliminary design
to operation of a nuclear power plant, the ASME
codes and NRC regulations may change several times.
For example, the 1963 to 1971 editions of the AS’ {E
code specify the design pressure as no less than 90% of
the maximwn containment internal pressure; how-
ever, in subsequent editions, the design pressure is
specified as 1007 of the maximum pressure (certain
allowable stresses were also raised by 10% ). Thus, the
reviewer must know which edition of the code was
used in order to properly interpret the design proce-
dure.

A review of the 1980 edition of the ASME Code
reveals that the analysis of containments (both steel
and concrete) is based generally upon elastic (u.ually
assumed linear) behavior; thin-shell theory; and mem-
brane response except at discontinuities and penetra-
tions. Although some provisions are made for the
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plastic analysis of steel containments (Section NE-
3228), elastic anaiyses are emphasized; in fact, elastic
analyses are allowed even when the calculated stresses
exceed the yield strength of the material (Section NE-
3227.6). For concrete containments, Section CC-3310
states that consideration must be given to the redistri-
bution of forces caused by concrete cracking, vet
Section CC-3320 states: “Elastic behavior shall be the
accepted basis for predicting internal forces, displace-
ments, and stability of thin shells.” It is reasonable to
expect designers to estimate a level of concrete crack-
ing and perform a linear anaiysis.

The steel containment code (subsection NE) uses
allowable/working-stress concepts as opposed to load
factor-strength design. The absence of factored loads
for steel containments is a notable feature of this code.
Although the Standard Review Plan specifies load
combinations, all of the combinatorial factors are one
or zero. Thus, no explicit safety factor is included in
loading conditions, although certain unlikely load
combinations may necessitate a design that has a high
margin of safety for other combinations. The specifi-
cation of allowable stresses controls more directly the
margin of safety. The allowable stress is a function of
the type of stress (primary, secondary, or peak) and
the type of loading (design or service limits A, B, C, or
D). It is worthy of note that, for primary plus second-
ary stresses due to service limit A or B loadings, the
allowable stress is three times the stress intensity S, ;
for many materials, 3 S, is equal to the specified
ultimate stress capacity of the material. Therefore,
although elastic analyses are suggested, the code relies
upon a redistribution of stresses caused by material
yielding at discontinuities and penetrations (i.e., a
shakedown to elastic behavior). As an alternative pro-
cedure for penetrations, the area replacement rule
(NE-3332.2) eliminates generally the necessity for
analysis by attempting to insure that sufficient addi-
tional material is added around a penetration so that a
general yield state will not occur prematurely; howev-
er, it is clear that local yielding will occur for some
design conditions.

The concrete contcinment code (subsection CC,
Division 2, of Section II1) which is a joint ASME-ACI
effort, combines service and factored loads with al-
lowable stresses. The specified load combinations
(Table CC-3230-1) contain combinatorial factors for
service loads that are all one or zero, but for factored
loads the combinatorial coefficients are as high as 1.5.
Thus, load-combination factors of safety are included
explicitly for some loadings and not for others. This is
a departure from the usual ACI philosophy where
even dead loads have a load factor of 1.4. Additional
factors are included in the specification of allowable



tresses. Values of compressive strength of concrete
vary from 0.3 f_ to 0.85 f_, depending upon type of force
and loading (see Tables CC-3421-1 and CC-3431-1).
For steel reinforcement, the maximum allowable
stress is 0.9 f, for factored loads, but local yielding is
allowed under certain conditions even for primary
forces (section CC-3422). Lower allowables stresses
are specified for service loads.

Although properly implemented design proce-
dures are likely to resuit in a containment structure
that functions satisfactorily for design conditions,
they do not insure predictable behavior for loadings of
higher magnitude or different characterization. The
codes are aimed at achieving ductile behavior up to
design limits but, as the yield capacity of materials is
exceeded, the design procedures generally become in-
valid.

For overpressure loading of steel containments,
areas near structural discontinuities and penetrations
will yield before other areas. Although the yielding is
generally self-limiting for a given level of loading,
strains in the area of discontinuities will be higher
than in other areas as pressure is increased. Whether
these strains will be significantly higher and cause
rupture before a general yield condition of the con-
tainment is reached is not evident. In some contain-
ments there is no thickening around penetrations
because the shell wall is much thicker than required
for design pressure alone. Although these contain-
ments will function adequately for pressures up to
design pressure, a possibility exists that the area
around the penetration will fail before a general yield
state of the shell is reached.

For internal overpressurization of concrete ccn-
tainments, material behavior and interaction of the
steel and concrete provide analytical difficulties as
pressures are raised above the design lev~ls. In partic-
ular, the ultimate capacity of reinforcemr ent-concrete
bonding, the capacity of concrete in biaxial and triaxi-
al stress, or the interaction of the concrete and steel
liner are too complex to allow the prediction of the
ultimate functional capacity with certainty. Signifi-
cant leakage of the containment may occur at pres-
sures well below those predicted to cause the steel
reinforcement to reach its ultimate capacity.

For earthquake loadings, additional analytical
difficulties are present because of the necessity of
determining the dynamic response of the contain-
ment. The accepted dynamic model for design has
been a linear lumped-mass beam model in which the
beam stiffness is primarily a function of the tangential
shear stiffness of the shell. Nonlinearity/cracking of
concrete is not treated explicitly, although some level
of concrete cracking is assumed in the determination

of stiffness. By placing a very low limit on allowable
shear stress of concrete, the NRC has insured that a
concrete containment is not likely to fail during a safe-
shutdown earthquake, despite the simple modeling
techniques. However, it should be emphasized that
the design analyses for earthquakes are not accurate
(the uncertainty of future ground motions makes the
use of more elaborate procedures questionable).
Therefore, extending the current design procedure to
predict ultimate capacity is not feasible.

Although the procedures used in designing con-
tainment structures appear to be adequate for insur-
ing safe operation for design loadings, they provide
little insight into the margin of safety. The response of
containments to loadings well above design is too
complex to be predicted with current design proce-
dures. The most important point to be made is that a
consistent pattern of built-in conservatism does not
exist in the present codes.

2.3 Review of Previous Tests

Tests of containment structures around the world
have been limited in numbers, but some lessons can be
learned from a brief review of the more significant
tests. Although tests of actual full-size containments
have been conducted, only models have been tested to
levels of response significantly above the design condi-
tions. Generally, model test programs have consisted
of one test or a short series of tests with rather limited
objectives. In particular, testing for overpressuriza-
tion has been a significant part of many of the test
programs. As will become evident, only models of
reinforced and prestressed concrete containment
structures have received significant attention.

2.3.1 Model Tests

A Canadian test program to study overpressure
conditions'? has been coordinated with analytical de-
velopment.'* The test structure was a 1/14 scale, pre-
stressed concrete model of a CANDU containment
structure. However, the model was not a replica of the
prototype. In particular, no penetrations were includ-
ed in the cylinder or spherical dome; the walls were
thicker than replica scale (5 in. vs 3 in.) and the ratio
of dome to cylinder thicknesses (4.0/5.0) was higher
than replica scale (1.71/3.0); also, reinforcement and
prestressing were not replicated. However, the model
was not axisymmetric; i.e., prestressing buttresses
were modeled. Also, the model did include a ring beam
at the cylinder-dome junction and plastic liner, as is
present in Canadian containment structures. Pressur-
ization of the model was achieved hydraulically with
water. After several liner failures and accompanying
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leakage at about 80 psig, the final test with a strength-
ened liner produced initiation of tendon failure at 142
psig and a large through-the-wall blow out at 159 psig.
The measured response agrees very well with results
from a modified version of the axisymmetric code
BOSORS5.*

Japanese tests for overpressure conditions'® were
not replicas of an actual containment structure. The
reinforced concrete models, which contained no pene-
trations in the walls, had an outer diameter of 2.4 m
(94.5 'n.) and a wall thickness in both the cylinder and
dome of 0.10 m (3.94 in.). Although the diameter
corresponds to a scale of about 1/17, the walls were
thicker than would be present in a similar US contain-
ment structure. The construction consisted of micro
concrete with vertical and horizontal deformed-bar
reinforcements of 6 mm (0.24 in.) dia and ties between
the inner and outer layers. Water pressurization was
used and a neoprene rubber liner prevented leakage
through cracks. Two models were tested: one at room
temperature throughout, and one with a thermal gra-
dient of 40° to 50°C across the wall. Results at yield
and ultimate were very similiar for the two tests. The
structures were designed for a pressure of 4 kg/cm? (60
psig). Yielding first occurred at about 90% of the
value predicted by an elastic analysis. Ultimate capac-
ity was reached when a punching shear failure oc-
curred in the dome at about 9 kg/cm? (130 psig).

Tests of the lateral load capacity of reinforced
concrete models of about 1/25 scale have also been
conducted by the Japanese.’* Only the cylindrical
portion of the containment with no penetrations was
tested. Again, the wall thickness was larger than
would be scale for a US containment.

In India a 1/12-scale replica model of a prestressed
containment has been loaded by overpressurization.!’
The model was constructed of micrc concrete, an-
nealed-steel wires for reinforcement, and prestressing
wires for tendons. The stress-strain relationships for
all materials closely approximated those of the proto-
type structure. As used on the prototype, vinyl paint
was applied on the inside for leak-tightness. The six
largest penetrations were simulated in the model.
Pressurization was achieved with air. At a pressure of
19.5 psig, significant leakage occurred through cracks
in the dome. Other than concrete cracking, structural
failure of the containment could not be achieved
because of leakage and equipment limitations. Inter-
estingly, cracking occurred at a pressure below that
predicted for the prototype (25 psig). Penetrations
and other discontinuities greatly affected local defor-
mations and had a noticeable effect on the overall
response of the structure. Nonlinear material behavior
was important at low levels of loading.
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The largest model test to date was a 1/10-scale test
conducted in Poland."® The model was a prestressed
concrete replica constructed of the same materials
used in the prototype. Details in the model included
prestressed vertical and hoop tendons, buttresses, ring
girder, equipment hatch, and personnel locks (includ-
ing a thickened shell around the openings). Signifi-
cantly, the model included a 1-mm (0.04-in.) thick
mild-steel liner connected to the concrete with wire
anchors. The ultimate capacity of the model, based
upon limit strength of the tendons and vield limit for
the reinforcing bar was 0.49 MPa (71 psig) or 0.62
MPa (90 psig) with the liner. Elastic tests were con-
ducted with pressurized air while water was used in
the destructive tests. Failure of the model occurred at
a pressure of 0.52 MPa (75 psig) at the top and 0.58
MPa (84 psig) at the bottom; the difference is due to
the head created by the water. Leakage at these pres-
sures occurred because of bending near the buttresses
and near the ends of extra reinforcement around
penetrations. It is not clear whether or not the leakage
was associated with fabrication of the very thin liner.

2.3.2 Tests of Actual Containments

All containments in the US are tested for strength
by application of a small overpressure loading (pres-
ently 115 of design pressure) and for leakage at
design pressure. In addition to verifying the function
of the containment for design pressure, the tests pro-
vide data for verification of linear-elastic computer
analyses. Unfortunately, the tests provide little in-
sight into the large deformation, nonlinear response of
the containment. As noted in Section 2.2, extrapolat-
ing linear response to obtain ultimate capacity is not
practical.

Dynamic tests have been conducted on a few
containments around the world. In 1979 the Heiss-
dampfreaktor (HDR) containment in the Federal Re-
public of Germany was sinusoidally tested with shak-
ers to a level equivalent to a 0.06-g ground motion.'®
Similar tests have been conducted in Japan on the
Fukashima 1 and Shimane containments (10g sinu-
soidal),” Hanaoka 1 and 2 (2.5x10+ g at 2.5 Hz),”" and
Tokai I1. In the US, sinusoidal tests of containments
at very low force levels were conducted between 1969
and 1972 at San Onofre Unit 1% and in 1972 at Quad
Cities. Testing in the Federal Republic of Germany
has also included explosive tests at HDR with mea-
surements of response at the nearby VAK plant.'® In
general, all of the above tests were conducted to verify
analytical models and to obtain damping values. How-
ever, all the reported tests resulted in very low levels of
response. The large amplitude, nonlinear behavior of
the structures was not investigated.



2.3.3 Conclusions From Previous
Tests

The large amplitude, nonlinear response of steel
containments has not been investigated experimental-
ly. The pressure tests of concrete containments indi-
cate that the models behave, in a gross sense, as
predicted.

However, the tests conducted in India and Poland
indicate that large penetrations have significant effect
upon containment response. Indeed, leakage in the
Polish model occurred near the heavily reinforced
area around penetrations and near the buttresses,
despite the presence of a steel liner. Other types of
liners (or the lack of a liner) tended to be a problem in
many tests; i.e., liners had to be reinforced/replaced so
that ultimate struccural capacity could be reached.
The Indian model, which had only vinyl paint for a
liner, could not be loaded above 20 psig because of
heavy leakage through cracks. Therefore, if functional
failure of containments is to be simulated, the model
tests must include liners, penetrations, and other
structural discontinuities,

The tests and analytical efforts by the Canadians
demonstrate that a computer program can be quali-
fied for concrete shells of revolution. Unfortunately,
the importance of asymmetries in tests by others
suggests that more general 3-D shell programs must be
qualified if the ultimate capacity of containments is to
Le predicted with confidence.

None of the reported model test programs com-
pared results with models of other scales or with a
prototype structure. For the subject test program, the
approach to be used to achieve credibility for model
results is to conduct experiments on models at each of
several scale factors. Then, the behavior of the full-
size structure can be predicted with a stated confi-
dence.
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3. Problem Definition

3.1 Loading Conditions

The number of loading conditions to which a
containment structure can be exposed is virtually
limitless when one considers all possible accident sce-
narios; also, the number of types of containment
structures is large. It is unusual to find two plants with
containments truly alike in all structural details. In an
experimental program, only a limited number of tests
can be performed; therefore, the selection of loading
conditions is critical.

The types of loading conditions used in this pro-
gram will be representative of loadings on actual
containment structures and will be reproducible in a
test environment. It is desirable that results obtained
using the loading conditions will provide insight into
the capacity of containment structures to function
properly during a full spectrum of environmental or
accident conditions. The function of the containment
is to prevent the escape to the atmosphere of fission
products that may be released from the reactor; thus,
functional failure occurs when significant leakage to
the atmosphere is possible. Since design procedures
generally are based upon linear-elastic theory, they
have a great deal of built-in conservatism for design
conditions. Furthermore, pressure tests on completed
containments assure low-leakage rates for design stat-
ic pressure. Therefore, containment buildings can be
expected to function satisfactorily at loading condi-
tions more severe than the design conditions. Types of
loading conditions that can be postulated to cause
functional failure include (1) conditions which are
included in the design specifications but which exceed
the specified magnitude and (2) loading conditions
caused by accidents that are deemed too improbable
to warrant consideration during the design process.

Many of the loading conditions used in design
have upper bounds that encompass, with very high
probability, the loads that the actual structure will
experience (e.g., the gravity load on a structure can be
predicted with high accuracy). However, the predic-
tion of severe environment conditions (e.g., earth-
quake and tornado) is imprecise and, although conser-
vative design conditions are generally imposed for
these events, uncertainties exist. Also, methods of
dynamic analysis for earthquake loadings include
many approximations that can affect the predicted

behavior of a containment structure. Therefore, earth-
quake-like loadings will be included in this program.
The use of these loadings is aimed at the determina-
tion of the capacity of containment structures to
function during and after an earthquake.

Many of the postulated accidents, for which a
containment structure is not designed, result in high
internal pressure, both quasi-static and dynamic. A
knowledge of the ultimate pressure capacity of con-
tainment structures would assist the nuclear commu-
nity in assessing the possible dangers caused by acci-
dents other than those considered during the design
process; thus, this program will include guasi-static
and dynamic pressurization as loading conditions.
Dynamic loadings may be symmetric or asymmetric.

This program will consider the following loading
conditions:

« Static Pressurization
* Dynamic Pressurization
« Earthquake-Like loadings.

As much as possible, loadings that are generic rather
than plant-specific and independent of actual acci-
dent or environmental events will be used.

3.2 Assumptions and Exclusions

The results of this program should be applicable
to a variety of accidents and environmental events.
However, because only a limited number of loading
conditions can be included, many conditions will of
necessity be excluded. Thus, the loading conditions
will be selected in an effort to determine the “ultimate
capacity” of the containment structure without at-
tempting to simulate a particular accident or event. It
is planned to identify the characteristics of a general
type of loading, the results of which can be extrapolat-
ed to a variety of scenarios. In this regard, the loading
conditions will be selected so that computer programs
can be qualified (see Section 4.1 for a definition of
qualification); the qualified program can then be used
te analvze other similar events.

Complex combinations of specified conditions will
not be emphasized in this program; e.g., although it is
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possible that a LOCA could occur in conjunction with
an earthquake event, the combination will not be
studied experimentally. By verifying the analysis of
each type of event independently, the analysis of
combined events can be conducted with confidence.
External explosions (such as caused by transportation
accidents) and missile impacts will not be included in
the study.

Boundary conditions also significantly effect the
results of structural analyses. The emphasis is placed
apon determining the “ultimate capacity” of the con-
tainment structure. Therefore, soil-structure interac-
tion will not be emphasized; rather, for earthquake-
like excitations, the response of the structure relative
to the motion of the base-mat will be emphasized.
Although internal structures can interact structurally
with the containment structure in a dynamic event,
the internal structures will not be included in all
models. One exception to this is dynamic internal

pressurization during which the internal structures
affect greatly the form and magnitude of pressure
pulses.

Modeling characteristics (specifically, the model-
ing of penetrations) must be limited in this program.
Usually very small penetrations do not affect signifi-
cantly the structural response of the containment as a
whole; separate tests of small penetrations with a
section of a containment vessel are contemplated.
Large penetrations such as the equipment hatch and
personnel lock will be included in large scale models,
but their inclusion in smaller models may not be
desirable. In any case, the seals around the hatches
will not be included. Although the seals are suscepti-
ble to leakage, they are not structural in the usual
sense and their analytical modeling to predict leakage
would not be possible with the present state-of-the-
art. Separate tests of seals are recommended.



4. Analytical Methods

4.1 Introduction and General

Comments

A brief review of the analytical methods that are
available for performing analyses of containments up
to ultimate capacity is presented in this section. The
choice of an analytical procedure/computer program
for structural analysis depends generally upon the
type of loading condition, type of structure (including
material properties), and type of mathematical mod-
eling or discretization. As indicated, the loadings of
interest for this program are internal static pressuriza-
tion, dynamic pressurization, and earthquake-like
loadings. Containment structures can be divided ac-
cording to construction materials into two categories:
steel and reinforced and prestressed concrete. Proce-
dures that are particularly dependent upon this cate-
gorization are discussed in Sections 4.2 and 4.3.

The type of analysis is dependent upon the degree
to which details are included in the structural model.
If asymmetric features such as penetrations are ne-
glected, axisymmetric analyses can be performed for
static and symmetric dynamic pressurization. Gener-
ally, computer codes that are tailored specifically to
axisymmetric problems require less user effort for
modeling and shorter computer run times. For certain
asymmetric loadings, a symmetric model allows for
simpler analytical procedures. When penetrations or
other asymmetries are included in the structural mod-
el, three-dimensional analyses are necessary for all
loading conditions; however, some approximate tech-
niques are possible. For example, the results from an
axisymmetric analysis can be used as boundary condi-
tions in an analysis of a section of the structure that
includes a penetration. However, tests in Poland and
India (discussed in Section 2.3) indicate that the
overall behavior of the structure is affected by large
penetrations. Therefore, approximate procedures
must be used with caution.

Computer programs that are believed suitable for
analyzing containment structures to ultimate capacity
have not, in general, been qualified* by comparisons
with tests of containment structures or modeks. The

*According to the ASME® qualification is concerned with
whether a verified computer program adequately solves a
particular problem.

only reported exception is the modified version of
BOSORS5,' which has been compared with good results
to the Canadian tests of a model of a CANDU contain-
ment.? Other computer analyses of containments to
determine ultimate capacity have been performed but
without test comparisons. These analyses include the
studies of the pressurization of the Zion and Indian
Point containments that used the NONSAP-C* and
HONDO* codes, and analyses of the Sequoyah con-
tainment that include the use of ANSYS.®

Dynamic loadings can be treated in many of the
computer programs that are suitable for static loads;
however, because the response will be nonlinear (usu-
ally eliminating the use of modal solutions/trunca-
tion), time-history analyses can require prohibitive
computer time and cost. In particular, the refined
discretization required to model penetrations and oth-
er details will cause the dynamic model to have very
high-frequency content. If an explicit time-integra-
tion scheme such as central difference is used, the time
step must be extremely small to insure stability. If an
implicit integration such as the Wilson-Theta method
is chosen, the run cost and time at each step will be
very large for nonlinear problems because a very large
number of simultaneous algebraic equations must be
solved.

As noted in Section 2.2, design procedures fr
earthquake loadings use simple linear beam models to
represent the containment structure. The extension of
these procedures to consider nonlinear ultimate be-
havior is impractical because determining the nonlin-
ear force-displacement relationships is not possible at
this time. In conclusion, a study of analytical proce-
dures for containments must include techniques to
reduce cost/run time or the resulting procedures may
be too expensive to use.

4.2 Steel Containments

Because steel containments are generally homoge-
neous in material properties and because generally
eccepted constitutive models for steel are available for
loadings past yield, several computer programs are
available for both static and dynamic loadings. These
codes include MARC,” ADINA® and ANSYS.®* How-
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ever, none of the codes have been qualified for applica-
tion to steel containment vessels. Although the post-
vielding plastic behavior of steel is well urderstood, no
ultimate failure mechanism for biaxial and triaxial
stress has been accepted. Crack-propagation theory
requires that the location of an initial crack be known;
this location can not be predicted with the existing
programs. Therefore, predicting functional failure due
to crack initiation, crack growth, and resulting leakage
will not be attempted at this time. Although a numeri-
cal instability may develop in the mathematical model
at some level of loading, functional failure may occur
prior to this level.

The modeling of penetrations and other details
requires very fine discretizations. The resulting mod-
els contain many elements (finite-element approach)
and/or nodes (finite-difference approach). The re-
quired set-up time and computer run time is very
large; thus, for the analysis of entire containments, the
inclusion of such details may be impractical. The
problem of cost/time is more severe for dynamic ana-
lyses.

Circumferential ring and vertical stiffeners add
complexity to the analysis of steel containments. Stiff-
eners can be “smeared out” or treated as discrete
st'ffeners. However, smearing of stiffeners is generally
inappropriate for containment structures because
stiffeners are spaced far enough apart that significant
variations of displacements and stress occur.? Clearly
smearing is particularly inappropriate when nonlinear
behavior is present; therefore, stiffeners must be
treated discretely to obtain meaningful results in ulti-
mate analyses. However, predictions of stress and
dynamic response are sensitive to seemingly minor
changes in the mathematical modeling of discrete
stiffeners. In particular, the location of the stiffener
relative to the shell reference surface and differences
in shear center and centroidal axes can be very impor-
tant.* The treatment of these details in existing codes
must be investigated further.

If only circumferential rings are present and pene-
trations are neglected, axisymmetric codes/elements
can be used. Of particular note are the BOSOR
codes'® ! which are widely used and which have been
compared with tests on a variety of axisymmetric
metal structures. If vertical stringers are included, a
code with general shell capabilities such as MARC,’
ANSYS,* or ADINA® is required. Although axisymme-
try is not present, vertical stiffeners are usually evenly
spaced circumferentially. If penetrations are neglect-
ed, it is possible to model one segment (verticakstring-
er to center of panel) from top to bottom. If penetra-
tions are included, a full finite-element model of the
entire containment structure is required. With nonlin-
ear behavior, such full analyses may be impractical
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because the time and cost become prohibitive. Further
investigation of analytical techniques is required.

4.3 Concrete Containments

Many complex components and interactions af-
fect the response of concrete containments, including

» Steel liners, which are required on all US con-
crete containments

« Liner-concrete interaction, including attach-
ment studs

» Steel reinforcement and prestressing tendons

* Reinforcement-concrete interaction (bond
strength/slippage)

* Tendon-concrete interaction, including friction
along the length of the tendon

« Complex nonlinear behavior of concrete.

With the present state-of-the-art, it is not practical (if
indeed even possible) to fully account for all of these
factors in a computer analysis of an entire contain-
ment structure. Until experiments provide better in-
sight into the failure mechanisms for concrete con-
tainments, it is not possible to determine which
factors can be neglected or treated in an approximate
manner; thus, evaluating the credibility of existing
codes is not possible at present. However, some gener-
al observations of analytical procedures are helpful for
planning future efforts; brief observations are includ-
ed in this section.

At least two general approaches are possible in the
application of the finite-element method to reinforced
concrete shells: the discrete-element approach and the
layered approach. In the former, the concrete and
steel reinforcing are modeled as discrete elements that
are connected at nodal points or through bond linkage
elements. Although the discrete-element approach is
practical for evaluating single structural components
(such as a reinforced concrete beam), the approach is
impractical at present for concrete containments be-
cause an extremely large number of discrete elements
are necessary. However, the discrete-element ap-
proach may be the onlv approach suitable for predict-
ing ultimate capacity if element interaction (such as
between studs and concrete) prove to be failure mech-
anisms. In this case, considerable development will be
required to make the approach practical.

In the layered approach, the finite element is
divided into a number of steel and concrete layers over
the depth. A review of the manner in which this
approach and the discrete element approach have
been implemented has been presented by Litton and
Gidwani.'? It is clear that the manner of implementa-
tion can have a significant effect upon results. None of



the researchers'? has qualified ais approach with tests
of containments. However, the finite difference code
BOSORS5, which also uses a layered approach and
which has been modified to include a concrete ele-
ment'' has been favorably compared to tests of an
axisymmetric nonreplica model of a Canadian
CANDU containment. As noted in Section 2, the test
model did not contain a steel liner or penetrations. It
should be emphasized that the BOSOR codes require
axisymmetric modeling.

Although considerable progress has been made
over the last 10 yr in modeling of concrete, some
phenomena are not well enough understood to be
modeled explicitly with confidence. For example,
shear strength/stiffness after cracking and the inter-
action of the concrete with reinforcement including
doweling action can not, at present, be modeled with
confidence. Also, the interaction of tendons with con-
crete, including frictional forces along the length of
the tendon, can not be modeled in detail, particularly
for dynamic loadings. Even constitutive models for
concrete without reinforcement are either approxi-
mate or so complex as to provide great difficulties in
implementation. The high cost of implementation is
probably not justified in most cases because none of
the constitutive models is widely accepted.

The modeling of concrete containments in fine
detail with high confidence is not possible at presert
and may not be practical in the near future. Modeling,
using simplified approaches such as layering of con-
crete and steel, is possible, but qualification of exist-
ing or new codes is required before simplified proce-
dures can be used with confidence.
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5. Containment Modeling

5.1 Introduction

The high costs associated with conducting fuli-
scale tests on reactor containments make scale-model
tests an attractive alternative. A model analysis for
three types of reactor containment structures subject-
ed to three different types of loadings is presented in
Section 5.2. The three loading conditions are

« Internal static pressure
* Internal dynamic pressure
» Seismic loading

The three types of reactor containment structures are

« Hybrid steel
« Reinforced concrete
* Prestressed concrete

The failure of structural elements under a given load
condition (identified in Section 5.3) will establish the
ultimate capacity of the containment. The conditions
required to establish a credible experimental program
are discussed in Section 5.4.

In the most general sense, an experimental result
is credible if it is shown to offer “reasonable grounds
for being believed.” In this chapter, a more limited
definition (better suited to our problem) has been
employed. The experimenta! results will be considered
“credible” if it is shown that the failure mode and
ultimate load-carrying capacity of the individual
models tested can be correlated with those of the other
models. However, the credibility of an experimental
program cannot be established prior to obtaining and
evaluating the data. It is, therefore, normal to start
with small-scale tests and expand the size of the
experimental program after preliminary tests indicate
that correlatable results can be expected.

There are many factors that affect the credibility
of a test program. However, the primary basis for
judgment in model testing is the same as in other
fields of scientific and engineering experimentation.

« Repeatability of experimental test results must
be demonstrated

* Test results must be independent of the size
(scale) of the experimental item.

Thus, if a reasonable number of tests are conducted in
a well-planned experimental program, there is every
reason to expect that high credibility will be accorded
to the program.

5.2 Model Scaling Laws
5.2.1 Replica Model Analysis

In a replica model all parameters relating to geom-
etry, material properties, loading conditions, etc, are
scaled according to generally accepted procedures.
Table 5.2-1 lists those parameters that are judged to
be relevant to the pressure or seismic testing of con-
tainment models. From this lict, 28 nondimensional pi
terms were generated, using the Buckingham Pi Theo-
rem;' these terms are presented in Table 5.2-2.

5.2.2 Inspection of Pi Terms

For a model and prototype system to be equiva-
lent, only the pi terms (and not each individual pa-
rameter) have to be identical in both systems. This
principle introduces the concept of scale factor for the
various parameters in the problem.

The type of model normaily considered in this
type of study is a replica one. A replica model is built
with the same materials in corresponding mode! and
prototype locations, but is smaller by a geometric scale
factor A. In a replica model, all material properties
such as density p , strength o, and strain rate coeffi-
cient K, are the same as in the prototype. However, not
all phenomena are scaled without distortion in a repli-
ca model. This statement can be demonstrated by
investigating e °h pi term. Each pi term in Table 5.2-2
is investigated by setting the ratio of the values for the
mod=l and prototype equal to unity (i.e., by equating
the pi terms for model and prototype). For example,
consider pi term 13 which is concerned with gravita-
tional effects.

(P_GE) - (51_-

0 /m o Jp

where the suscript m refers to the model and p refers
to the prototype.
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Table 5.2-1. List of Parameters

Sysbol

Ly

8y

oy

Ey

2%

Parameter

Characteristic Length
Other Lengths Relative to L

Angles

Mass Density of Concrete or Other Reference Material

Density of Stee! or Other Materials Relative to Ref-
erence o

Characteristic Strength of Structure

Moduli Relative o
Strengths Relative o

Polsson's Ratio

Number Reinforcing Bars
Prestress force in Bar

Prestress Force Other Bars Relative F

Acceleration Gravity

Strain Rate Coefficient

Density of Air

Atmospheric Pressure

Coefficient of Rquivalent Viscous Namping

Strain Anywhere on Structure
Displacement of Any Point om Structure
Velocity of Point on Structure
Acceleration of Point on Structurs
Time

leakage Rate

Applied Maximum Pressure
Duration of Pressure Loading

Applied Pressure History

Acceleration Amplitudes
Velocity Amplitudes
Disp.acement Amplitudes
Frequency

Earthquake Time Duration

Fundamental Units
of Measure

FTé/16

£/

L/T
L/1?
T

FT/L

/1l

3
|
f
i
!
i

Reason for

Using in Anslysis

feometry

Inertial E fects

Strength of
Structural Materials

Prestress in Concrete

Dead Weight Lffects

Strain Rate

Atmospheric
Conditions

Equivalent Viscous
Dallping

Response Being
bserved

Internal
Pressure Loading

Applied Earthquake
Loading




Table 5.2-2. List of Pi Terms
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For a replica model, the ratio of the lengths (L,/L,) is
the s~ale factor (A) while the density (p) and strength
(o) are the same for model and prototype. Thus, this
equation becomes

(& %)=

or

Thus, gravity scales as the inverse of the scale factor.

In a manner similar to this, each pi term was
investigated. The results of this effort are given in
Table 5.2-3.

If all parameters could be scaled as in Table 5.2-3,
all pi terms would be satisfied and no problems would
arise if the models were well built and tests carefully
conducted. Close inspection of the parameters in Ta-
ble 5.2-3 shows that three potential problem areas
arise. These are given below the dashed line.

Because a 1.0-g gravity field exists on the surface
of the earth, it is difficult to test a model scaling
gravity as 1/A. Thus, pi term 13 will not scale and dead
weight effects are incorrect in a replica model. A check
of the magnitude of the dead-weight effect showed
that, for a reinforced concrete containment, stresses at
the bottom of the walls are approximately 200 psi. For
a free-standing steel containment, stresses are on the
order of 750 psi. These stresses are sufficiently small
to be considered insignificant relative to the strengths
of the structural materials. Therefore, distortions
caused by gravitational effects in scaling should be
small.

Inspection of pi term 14 reveals that the strain-
rate coefficient effects in the model should be smaller
than in the prototype by factor of A. For many materi-
als, increases in the rate of strain will result in slight
changes in yield point as well as other stress-strain
characteristics. This influence increases with the mag-
nitude of the scale factor. No easy resolution exists for
correcting this influence. Separate effects tests for
prototype and model materials at the correct sespec-
tive strain rates should be conducted to determine
strain-rate significance. Slight variations in the heat
treatment of the model steel and slight variations in
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the composition of the concrete can be made, if neces-
sary, to establish the same stress-strain curves at
scaled rates in the model. If materials being used are
not very rate sensitive, then the normal dispersion in
response measurements may be larger than strain rate
effects,

Damping is difficult to scale properly. As used in
this analysis, equivalent viscous damping must scale
as A%, but this will not occur if the same materials are
used in corresponding locations in model and proto-
type. Damping will be too high in the model. Inability
to scale damping is not generally important in dynam-
ic internal pressurization tests. However, damping is
important in earthquake-loading experiments. During
fabrication of a model, damping can be controlled to a
limited extent, but exact duplication of damping will
not be realized. One possible procedure for treating
the influence of damping involves measuring the
damping in the model and adjusting the input to an
appropriate level.

Table 5.2-3. Replica Modeling Law to
Satisfy Pi Terms

Scale
Parameter Symbol Factor
Lengths, displacements Lx X A
Angles f, 1.0
Times, duration t . A
Velocities v, V 1.0
Accelerations a A 1/x
Stresses o 1.0
Densities 0, P, 1.0
Strains ¢ 1.0
Pressures P,p(t), P, 1.0
Frequencies w 1/A
Forces F A?
Number of reinforcing bars N, 1.0
Leakage rate m A2

Acceleration of gravity g
Strain-rate coefficient K, A
Equivalent viscous damping

NOTE: As an example of how to use this table, consider a
scale model 1/20 the size of the prototype. This means that
the scale factor ) equals 1/20. Durations in the model will be
1/20 those in the prototype, but frequencies in the model
will be 20 times higher. Forces in reinforcing bars will be 1/
400 those in a prototype as will be the mass leakage rate. All
stresses and strains at scaled times will be the same in model
and protoiype systems.




5.2.3 Nonreplica Model Analysis

The replica mode'ing law is not the only method
of satisfying all of the pi terms in Table 5.2-2. Table
5.2-4 presents a general solution in which the densities
are scaled by a factor vy, the strength and stress are
scaled by a factor a, and all significant lengths are
scaled by a factor A. When the factors « and y equal
1.0, this general solution reduces to the replica model-
ing law that has already been summarized in Table
5.2-3. For static and dynamic pressure-loading mod-
els, a replica model works well. Hence, there is no need
to change materials by making « and y factors other
than 1.0.

Table 5.2-4. General Modeling Law to
Satisfy Pi Terms

Scale
Parameter Symbol  Factor
Lengths,displacements Lx X A
Angles [ 1.0
: : ¥\
Times, duration S g A
al/l
P (lln
Velocities v,V —_—
)
¥
Accelerations a A -
YA
Stresses o @
Densities 0 Po Y
Strains € 1.0
Pressures P, p(t), P, a
) . a\?
Frequencies w ;ﬁi—
Forces F ah?
Number of reinforcing bars N, 1.0
Leakage rate h yra"A?
Acceleration of gravity g %
Y
Strain-rate coefficient K, Yha"A
Equivalent viscous damping 8 AMakyh

On the other hand, earthquake-vibration studies
conducted on shaker tables have problems whenever
small replica models are used. In a replica model,
frequency scales as 1/A, which in a 1/16-scale model
would mean that frequencies are 16 times greater. No
currently available shaker tables can provide the re-
quired spectra.

The general modeling solution presente«: 'n Table
5.2-4 presents an opportunity for testing vii.ation
models at frequencies lower than those associai=d
with replica models. If the strength factor (a) is less
than 1.0 and the density factor (v) is greator than 1.0,
models can be built whose frequencies will be lower
than those in a replica model. As an illustration,
assume a = 1/9 and v = 4.0, then, for a 1/16 scale
model, the scale factor for frequency would be only 2.7
times the frequency in a prototype rather than being
16 times greater as in a replica model.

This general solution is not without problems. By
obtaining a better scale factor for frequency, a re-
quirement for changing materials when building a
model has been added. In an elastic model, a change is
less difficult than in an inelastic model. The use of
material substitutions is conceptually possible, but
many practical problems arise when the entire stress-
strain curve must be simulated. In addition, a material
such as reinforced concrete would require substitute
materials for the concrete and steel. Since material
failure, which is an integral part of this investigation,
could not be accurately modeled, the utility of the
model would be quite restricted.

A commonly used type of nonreplica model scal-
ing is the so-called Froude scaling. Fundamentally
this requires that the Froude number, V?/glL, scale
identically. The effect is that gravity scales without
distortion but time scales as A. This type scaling is
useful for rigid body problems, but not for problems
where material flexibility and fracture are involved;
the material parameters such as E; and s, must be
distorted. Los Alamos® planned the use of this type
scaling in a 1976 proposal to NRC fer a seismic test
facility. No use of Froude scaling is seen for this

program.
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5.2.4 Summary

For pressurization loading, the major pi terms are
shown in Table 5.2-5. These pi terms can be satisfied
using a replica model, and no major instrumentation
or loading problems exist. The scale factors for the
replica model were presented in Table 5.2-3.

For seismic excitation, the major pi terms are
listed in Table 5.2-6. Satisfying these pi terms is more
difficult. Damping (scaled according to pi term 10)
presents particular problems. Rigorously scaled
damping requires a distorted model and special test-
ing techniques. Another problem with the use of repli-
ca models for earthquake studies occurs when shaker
tables are used for the excitation. When the input
spectrum is scaled, some conflicting requirements for
shaker capabilities are generated. Further discussion
of this problem is in Section 6.1. Clearly seismic-
model studies are more complex than those for inter-
nal pressurization.

Table 5.2-5. Major Pi Terms for
Pressurization Loading

',Sl 'u“F.
wy=0, Wg=¢
= ..
a=m 16 L
“
'Oan 'I?"_.‘_
L
=0, TP o
o
h
"o=E| M= ALt
."
Wy=y fw-l_‘_'
P, P
y— p=—
o o
Y. p(t)
Ny == n=—
o o
F Te"
"'—;[_7 'n-'l':'p:

Table 5.2-6. Major Pi Terms for Seismic
Excitation
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5.3 Identification of Critical
Structural Elements

5.3.1 Introduction

It is the purpose of this section to identify those
structural elements whose failure, under a given load-
ing condition, will establish the ultimate load-carrying
capacity of a containment structure. Once the failure
modes have been identified, the model designer may
design model structures that will adequately demon-
strate the behavior of the prototype structure and
satisfy all of the essential terms in the scaling laws.



5.3.2 I|dentification of Critical

Structural Elements

Each of the previously discussed structural types
and loading conditions have been considered in the
determination of critical elements, the failure of which
could lead to containment failure. The failure modes
(Tables 5.3-1 to 5.3-3) are cataloged in general terms
such as meridional tension or tangential shear for
structural elements. Where it is applicable, nonstruc-
tural failures such as a seal failure at a pipe penetra-
tion are also identified. Some categories overlap (e.g.,
meridional and/or circumferential bending will be
present in a buckling “failure,” but all three are listed
in separate catagories). After general failure modes
have been identified, individual structural compo-
nents are identified (e.g., the steel liner plates in a
reinfor_«d concrete containment; the welds joining the
liner plates together; and the individual reinforcing
bars).

The critical components were selected after a
detailed review of the construction drawing of three
plants and a general review of the Safety Analysis
Reports of similiar plants. The prototype plants for
determination of critical components are:

Free-Standing Steel - Watts Bar 1 and 2,
Reinforced Concrete — Salem 1 and 2, and
Prestressed Concrete - South Texas 1 and 2.

5.3.3 Adequate and Replica Models

Before the different types of containment models
are discussed, certain terms will be defired.

Model - “A model is a device which is related to a
physical system such that observations on the model
may be used to predict accurately the performance of
the physical system in the desired respect.™

Prototype  “A physical system for which the pre-
dictions are to be made is called the prototype.™

Replica Model - “A (replica model is a) physical
model of a prototype which is geometrically similar in
all respects to the prototype and employs identically
the same materials at similar locations.™

Adequate Model - “Adequate Models are models
from which accurate predictions of one characteristic
of the prototype may be made, but which will not
necessarily yield accurate predictions of other charac-
teristics.™

Dissimilar Material Models - “A dissimilar ma-
terial model is a model which is geometrically similar

to a prototype but made of different material. The
material must, however, have properties which can be
correlated with those in the prototype.™

Model experiments are an accepted method for prob-
lem solution wheze prototype testing is too costly or is
impractical for other reasons. Replica or adequate
models are generally employed in structural tests that
involve static and impulsive loads; dissimilar material
models are often employed in structural tests that
involve vibratory and thermal loadings within the
elastic range. Many examples are available.' **

The need for adequate models in the program
becomes apparent when one considers the replica
modeling cost of the welds that join the plates in free-
standing steel containments. These welds are made in
the following manner. A certified welder places a
section of weld bead. The bead is then cleaned and
ground to present a surface suitable for nondestruc-
tive testing. If nondestructive testing indicates crack-
ing, the weld bead is removed and replaced. This
process is difficult, costly, and time consuming on the
prototype. When it is recognized that many properly
sequenced passes are required on both sides of the
steel plate at each joint, the difficulty and cost of
replica modeling these welds becomes apparent. It is
estimated that the cost of a '4-scale free-standing
steel containment would increase by $3M if replica
welding of joints is required. Therefore, “adequate”
modeling of the weld will be used and separate effects
tests will check the adequacy of the model welds.

While welding is the largest single-cost item, there
are many other areas where model cost reduction can
be achieved by the use of adequate models. For exam-
ple, the Watts Bar containment structure is attached
to its concrete base by 360 anchor bolts. These bolts
provide only a tensile load capability. Under static-
pressure and impulsive-loading conditions, it would
be sufficient to model the distributed load-deflection
characteristics of the hold-down bolts rather than
replicating each of the 360 bolts (assuming that bolt
failure is not being investigated). Seismic loading
presents a more complicated problem. At this time,
adequacy of not modeling individual bolts is question-
able for seismic tests and would not be recommended
without further study.

Considerable economy can be achieved through
the use of adequate scale models. For example, a
“replica” 1/20-scale model of a free-standing steel
containment is estimated to cost $167 000 in 1981. An
adequate 1/20-scale model for pressurization tests of
the same structure is estimated to cost as little as
$50 000, depending upon which features are not repli-
cated but treated in an “adequate” manner.
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Table 5.3-1. Failure Modes and Critical Compgc “ents for

Free-Standing Steel Containments
Failure Modes and Y w 110 1720 1/50
Critical Components Loading Scale Scale Scaie Scale Scale
Hoop Tension '
Plate EP v v v v v
Welds E P wi x x X x
Stiffeners EP v v v v x
Meridional Tension
Plate SEP 4 V L v 4
Welds SEP v x x x x
"tiffeners SEP v v v v .
Mendional Bending
Plate SEP v v v v v
Welds SEP wi x x X x
Stiffeners SEP v v o v x
Local Bending @ Penetrations
Plate SEP v v v v v
Welds SEP wi X x x x
Stiffeners SEP v w » v x
Tangential Shear
Plate S v v v v v
Welds S i x X x x
Radial Shear @ Access Ports
Plate SEP v i
Welds S.EP wi x x x x
Stiffeners SEP o v v v x
Radial Shear @ Base
Plate SEP v v v v v
Welds SEP v x x x x
Stiffeners S,EP v v v v x
Shell Buckling
Plate S E v v v v v
Stiffeners S E v w v v x
Pipe Penetration Seal SEP v v v x x
Equipment Hatch
Membrane Tension
Plate E P v v v v
Welds EP v x x x
Support Ring Collapse E.P v o v 4 x
Bolt Overstress
Bolt SEP v v v v x
Support SEP v g v v X
Shell Buckling SEP v v (4 v x
Personnel Lock
Bending
Plate SEP v v v v x
Welds SEP v x x x x
Shear
Plate SEP v v v v x
Welds SEP W x x x x
Locking Mechanism SEP v v v x x
Foundation Settlement S x x X x x
S = Seismic
E = Internal

Faplosion
P« Internal Static Pressure
'Conductivity is not scaled, i.e., heat effected zones, residual stiesses, etc, are not the same in
v« Will scale
x = Will not scale




Table 5.3-2. Failure Modes and Critical Components for
Reinforced Concrete Containments

Failure Modes and s - 1/10 1/20 1/50
Critical Components Loading Scale Scale Scale Scale Scale
Meridional Tension

Rebar SEP wi v v v N
Hoop Tension

Rebar E P wi i el x

Longitudinal Compression
(concrete crushing, spalling, scab-

bing) S v v v X X
Tangential Shear

Concrete S v v v x X
Lacing S v v v X X
Stirrups S v v v x X
Radial Shear

Concrete SEP v v d X

Lacing S.E.P v v v X
Stirrups SEP v v v x X
Longitudinal Bending S.EP v v v X X
Circumferential Bending S v v v X X
Shell Buckling S v v v v X
Pipe Penetration-Seal SEP v v v x X

Equipment Hatch

Membrane Tension

Plate E P v v v v x
Welds E P i v v v X
Support Ring Collapse E P v v v v x
Bolt Overstross

Bolt SEP v v v v X
Support SEP v v v v

Shell Buckling SEP v v v v X
Personnel L. ok

Bending

Plate S.EP v v v v x
Welds S,EP »re? X X X x
Shear

Plate SEP v v v v X
Welds S,EP wi x x X X
Locking Mechanism SEP v v v X x
Liner Failure

Plate SEP v v v - X
Welds S.EP v x x x x
Foundation Settlement S x x x x x
S = Seismic

E = Internal Explosion

P = Internal Static Pressure

'Cadweids are not simulated exactly.

*Conductivity is not scaled; i.e., heat effected zones, residual stresses, etc, are not the same in
v = Will scale

x = Will not scale




Table 5.3-3. Failure Modes and Critical Components for
Prestressed Concrete Containments

1

Falure Modes and » /10 1720  1/50

“a
Critical Components Loading Scale Scale Scale Scale Scale
Meridional Tension
Rebar SEP wi v v wi x
Tendons SEP v v v x x
Hoop Tension
Hebar EP w wi wi wi x
Tendons E P v v v x
Longitudinal Compression
{concrete crushing, spalling,
scabbing) S w v v x x
Tangential Shear
Concrete S v v v x x
Stirrups s v v o x x
Radial Shear
Concrete SEP v v v x x
Stirrups SEP v v v x
Longitudinal Bending S,EP v v v . x
Circumferential Bending 8 v v v x x
Shell Buckling S v % v % x
Tendon Anchor
Bearing Failure (concrete) SEP v v v x
Tendon Terminator S.EP v x x x x
Pipe Penetration Seal SEP v v v X X
Equipment Hatch
Membrane Tension
Plate E P v v v v
Welds EP i x x X x
Sc aport Ring Collapse E.P v v v v X
Holt Overstress
Bolt SEP v v v v x
Support SEP v v v v x
Shell Buckling SEP v v v v X
Personnel Look
Bending
Plate SEP v v v v x
Welds S.EP wi X x x x
Shear
Plate SEP v v v » X
Welds SEP wi X X X X
Locking Mechanism SEP v v v % X
Liner Failure
Plate S,EP v v v x X
Welds S.E.P wi X x x x
Foundation Settlement S x x x x x

S = Seismic

E =« Internal Explosion

F = Internal Static Pressure

'Cadwelds are not simulated exactly.

Honductivity is not scaled; i.e., heat effected zones, residual stresses, etc, are not the same in
model and prototype unless the parts are stress-relieved.

¥ = Will scale

= Will not scale




Adeq. . models do have limitations. The most
severe limitation is the elemination of some failure
modass. For example, if the containment liner plates
are not joined by replica welds, the failure of welded
joints will not be modeled properly. Therefore, it is
possible to unknowingly eliminate a potential failure
mechanism in an adequate model.

5.3.4 Relationship Between Failure
Modes and Scale Factors

Results of failure mode investigations are summa-
rized in Tables 5.3-1 through 5.3-3. The components
of concrete containments that may fail in meridional
or hoop tension are the rebar and tendons. The rebar
can be properly scaled to models of 1/20-scale except
that the Cadwelds that join the large rebar cannot be
duplicated in model scale; however, these joints have
been established to be stronger than the rebar. There-
fore, the Cadwelds can be omitted from the model.
Tendons can be scaled in models as small as 1/10-
scale. Failures associated with the tendon anchors are
listed separately. It is not expected that the tendon
anchors can be duplicated in models smaller than 1/4-
scale. Similar considerations also apply to the rein-
forced-concrete containments. As noted previously,
welds can not be practically replicated; however, the
liner can be modeled in scales as small as 1/50-th.

Failure modes for steel containment structures
are described in Table 5.3-1. The fine detail required
to model stiffeners makes these costly and perhaps
impractical to include in models smaller than 1/20-
scale.

Many items may be adequately represented in
small scale models, even though they have not been
replicated. The tie-down bolts mentioned previously
are an example of this. Thus, one must view the Xs in
Tables 5.3-1 through 5.3-3 as question marks. At least
one test at a sufficiently large scale coupled with
separate effects tests and analysis are needed to elimi-
nate questions concerning the credibility of small
scale models.

5.4 Credibility of Test Results

5.4.1 Introduction

In the development of a model test prcgram, there
are several requirements that lead to credible tests
results.

« A sound theoretical basis for the model design,
the test loading, and interpretation of test data
must be established.

* The model scale must be chosen such that the
characteristics that are to be determined in the
test are accurately represented in the model.

* The scale model must be fabricated with suffi-
cient care to insure that failure mechanisms
which are not present in the prototype are not
introduced into the model.

* The test methods must be such that failure
mode(s) are not introduced or eliminated in the
structure #s a result of test procedusres or test
facilities.

* Instrumentation of sufficient accuracy and sen-

sitivity to record all phenomena of interest must
be employed.

¢ Adequate analytical support must be incorpo-
rated into all phases of the experimental plan.

* Repeatability of experimental results must be
demonstrated.

Each of the above items form an integral part of this
program.

5.4.2 Required Number of Tests

An important element of an experimental pro-
gram is repetition of experiments to prove reproduc-
ibility of results. It cannot be overemphasized that
reproducibility of results must be demonstrated be-
fore conclusions can be drawn. For each individual
experiment, a sound statistical treatment of all mea-
sured data (both control and iesponse) is required
prior to considering the experiment complete. The
results of this complete experiment must then be
demonstrated as reproducible by repetition; i.e., the
experiment must be conducted again in as nearly the
same manner as possible, limited only by the experi-
menter’s ability and random factors.

Random factors will always be present. They may
be associated with model fabrication, load applica-
tion, response measurement, material variability, or
other variables. The variations between experiments
will produce a scatter in the results of seemingly
identical experiments. Therefore, the results are re-
producible if the measured response in all attempts
fall within an acceptable scatter band. Careful error
analysio is necessary to determine an acceptable scat-
ter band. In complicated experiments with multiple
responses it is possible that only some responses will
be reproducible.

While the principle of reproducibility must be
followed, restraint with regard to economics and time
factore muet he exercizsed. Therefore, this program will
begin with two or three experiments at the smallest
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scale. If these give reproducible results in all principal
responses (notably failure), the experiments at the
next larger scale will then begin.

Ii2 the event that reproducibility cannot be dem-
onstrated at the smaller scale, the larger scale experi-
ments will be deferred pending resolution of the prob-
lem. Additional smaller scale experiments may be
required before the larger tests are conducted.

The above procedure will insure that results ob-
tained represent behavior to be expected in prototype
containments and do not merely represent some
anomaly resulting from model fabrication, experimen-
tal techniques, or other variables. For those features
that are included in the scale models, conducting
several reproducible model tests at different scales
yields a higher level of confidence in the results than
would be obtained from conducting a single test on an
actual full-size containment structure.
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6. Experimental Alternatives

6.1 Introduction

Useful experiments on containment models re-
quire accurate knowledge and control of the applied
loadings and careful measurement of the resulting
model response. Loading techniques for each of the
three categories (static pressurization, dynamic pres-
surization, and seismic) considered for this program
are discussed in Section 6.2. Suitable facilities are
considered in Section 6.3 and Appendix B. Instrumen-
tatior. and techniques for measuring model response
are outlined in Section 6.4.

6.2 Experimental Techniques

6.2.1 Static Pressure Loading

Of the three types of loadings discussed in this
plan, procedures for static pressurizaticn are the most
straightforward. Several methuds of loading are avail-
able. Pressurization can be accomplizhed pneumati-
cally with a gas such as nitrogen, or hydraulically with
water. Although pressurization with water is safer, it
has certain disadvantages for this program. The stat-
ic-head differential from top to bottom of a large
model would be significant (on the order of 10 psi for a
'« -scale model). Also, the leakage characteristics of
water are different from those of air; as noted previ-
ously, leakage is an important response parameter.

Some of the hazards associated with pneumatic
pressurization can be minimized by the use of a ges
(such as nitrogen) that will not support corabustion
However, some hazard will still exist since the large
potential energy stored in a gas, which is highly com-
pressible, can lead to missile generation if a sudden
rupture occurs. [herefore, a remote or protected site
is required if gas pressurization is used. We believe
that the inconvenience of protected siting is a small
penalty to pay to achieve the realism offered by gas
pressurization over hydraulic loading. A conceptual
design of a suitable test setup is presented in Figure
6.2-1.

Testing will include an initial pressurization to
1.15 of design pressure and a leak check at design

pressure. In addition to simulating the pressure test-
ing of actual containments, this pretest will provide an
opportunity for a function check of test facilities,
instrumentation, and pressure-sealing interfaces be-
tween the model and the test equipment. Also, checks
for manulacturing defects in the model can be con-
ducted during this pretest period.

Pressurization to failure will be conducted in
steps so that the rate of leakage or lack of measurable
leakage can be determ.. . 4. The pressure will be slowly
raised to a specified value; .“e input will be shut off;
the pressure will be monitorec for a length of iime;
and the test will continue to the rc.:t pressure level. If
high-leakage rates are encountered before a rupture,
the specified pressure level wiil be maintained, using a
pressure control device; the mass flow rate wmio the
model will be measured.

6.2.2 Dynamic Pressure Loading

The dynamic pressure loadings of interest in this
program are characterized by a pressure spike of large
magnitude and short duration (on the order of a few
milliseconds), followed by a period of transients and
reflected pulses that are superimposed on the residual
pressure level. Quantities that can have a profound
effect upon the structural response include the dura-
tion and peak magnitudes of the initial spike, the
magnitude of the initial and final static-pressure lev-
els, and the frequency and magnitude of the reflected
spikes. These gquantities, which may vary spatially in
the structure, are scenario and structure dependent.
Indeed, defining all these quantities with confidence
for a given hydrogen detonation in a prototype con-
tainment may not be possible. Therefore, experimen-
tally moaeling a particular hydrogen accident in a
prototype containment is not possible at this time. In
any case, the goal of determining the “ultimave capaci-
ty” of the containment could not be reached if specific
scenarios were replicated. Thus the dynamic loadings
used in this program will have characteristics similar
to those of hydrogen-detonation accidents, but specif-
ic events will not be replicated.
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A single loading that ruptures a model provides
little insight into the capacity of the model. The model
experiments with dynamic pressurization will, there-
fore, begin with tests involving small* pressure pulses
and progiess to tests with increasingly larger pulses;
thus the ultimate capacity of the containment can be
established. Before dynamic tests on models begin, a
loading procedure that is reliable and tha: will allow
the formation of pressure pulses of varying and pre-
dictable intensity must be developed. A pulse-calibra-
tior. chamber, as illustrated in Figure 6.2-2, will be
required. The chamber will allow experiaentation
with a variety of gaseous mixtures or solid . xplosives;
it will be instrumented sufficiently to allow a complete
definition of the pressure pulse. Different size cham-
bers may be required so that scaling effects far the test
technique can be determined.

Detailed experimental techriques for dynamic
pressurizat.on can not be established until a loading
technique has been developed. Experience gained
from static tests of containment models will be useful
in developing the experimental techniques. It is clear,
however, that remote or protected sites are required.
It is anticipated that the sites used for static pressuriz-
tion will (with minor modification) be suitable for the
dynamiic pressurization tests.

*The size of a pressure pulse can be changed by varying the
magnitude, aurat.on, or the shape. Until further investiga-
tion is conducted, it is assumed that the pulse can be
characterized by the total impulse.
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Figure 6.2-1. Test Facility for Static Pressurization
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7.3 Seismic Loading

The type of facility and the choice of input for
siesmic ex(eriments are interdependent. A base exci-
tation facility such as a rhaker table allows the largest
choice of input types. Many of the input types dis-
cussed in the following paragraphs are possible only
with a shaker facility.



6.2.3.1 Seismic Input Definition

The input used for the seismic loading of contain-
ment models must be rep- _sentative of actual earth-
quakes and, more important perhaps, representative
of the input specifications for a seismic design. Ob-
taining the proper input on models of appropriate
scale will be difficult.

The current design practice for defining seismic
excitation is to use a design response spectrum that
has been normalized to a maximum ground accelera-
tion.! The maximum ground displacement is propor-
tional to the maximum ground acceieaation (presently
36 in. for 1.0 g for site-independent spectra).? Estab-
lished procedures exist for normalizing the spectrum
to any maximum ground acceleration/displacement.?
However, a unique transformation between a response
spectrum and base input to the structure does not
exist. The duration of the earthquake is not specified
by a response spectrum; strong-motion duration is
particularly important when inelastic response and
cyclic degradation occur, as they will in tests to failure
of containment models.

Several procedures exist for generating artificial
time histories that are compatible with a specified
response spectrum (see Reference 3 for a short re-
view). A single time-history (either artificial or real)
could be specified for this program; however, to deter-
mine the “ultimate capacity” of the containment mod-
el, tests of varying intensity must be conducted. The
acceleration at each point in time of a base accelero-
gram can be amplified by a constant factor. Alterna-
tively, the response spectrum can be scaled according
to established procedures and time-histories of vary-
ing intensity generated.

An alternative to using time-history input is to
specify the power-spectral density, which can be ap-
proximated from the response spectrum.® The spec-
tral density can be multiplied by a time function to
account for the nonstationary nature of an actual
earthquake; by changing the magnitude of the time
function, the intensity of the earthquake can be varied
for different tests. Unfortunately, the automatic ap-
plication of a time function that modifies the spectral
density is not a standard feature on existing shaker
facilities.

Other types of input are possible but they can not
be directly correlated with design spectrum. If sinu-
soidal-dwell tests are conducted, the shaker facility
must have sophisticated output control because, for
inelastic response with cyclic degradation, the fre-
quency of the input must be adjusted continually to
obtain a pseudo-resonance condition. Although dwell
tests will yield insight into the lateral capac'ty of the

containment model, relating the output to seismic
response may not be possible. Quasi-static and impul-
sive tests can alse be used to investigate the capacity
of the structure to one or more lateral loadings. How-
ever, quasi-static tests will not produce a distribution
of forces that is the same as the inertial forces in an
earthquake.

6.2.3.2 Seismic Loading Devices

Two classes of devices are used for earthquake
loadings: base excitation and forcing devices. The
latter category includes a variety of eccentric mass
devices, hydraulic actuators, cutters, and pulsers that
apply time-varying (often sinusoidal) forces to one or
more points on the structure while the base is con-
strained. Although these devices are suitable for in-
vestigating the modai properties of elastic structures
they are generally unsuitable for this program because
the manner and location of the input affects the
output and the eventual failure mechanism.

For base excitation, two types of devices are cur-
rently used: shaker facilities and explosives. It is not
presently clear which is more suitable for this program
or whether another technique must be developed.

Shaker tables can be controlled to provide time-
history, power-spectral-density, and sinusoidal dwell
inputs; however, each shaker facility has kinematic
and force limitations that limit the size of the model
and/or the magnitude of input that can be used. As
will be discussed in Section 6.3, no existing shaker
facility has the capacity to fail the medium to large-
scale models anticipated for this program. Another
disadvantage of shaker tables is that, for the larger
models, it may be necessary to construct the models
adjacent to or on the shaker table.

Although high-intensity ground motions are pos-
sible with buried explosives, the durations of large
excitations to date have been very short.* A technique
developed by SRI International® uses relatively small
amounts of explosives and sequencing of arrays may
be a feasible approach to extending the duration of
excitation. Another disadvantage of explosive testing
is that remote siting is required for testing with buried
explosives. To limit soil damping, it may be desirable
to anchor the foundation of the model to rock beds.

Underground nuclear tests also provide signifi-
cant ground motions, but the intensity at sites that
have suitable frequency content is too low.® Also, only
one event is available at each test site and logistics
make testing very difficult.”

Additional study is required before an input and
loading device for the earthquake experiments can be
selected or developed for this program.
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6.3 Survey of Test Facilities

A limited survey has been conducted to determine
the capabilities of existing test facilities. Facilities for
conducting pressurization experiments and seismic
experiments are discussed in Sections 6.31 and 6.3.2,
respectively. Results of a survey of existing full-size
structures that might be suitable for use as test speci-
mens are contained in Appendix B.

6.3.1 Pressurization Facilities

As noted previously, the static and dynamic pres-
surization tests are hazardous and will require remote
or protected facilities. Facilities that were designed for
testing components using high explosives are available
at Sandia, Albuquerque. Models on the order of 1/50
to 1/25 scale can be accommodated. Indoor laboratory
facilities can be used for 1/50-scale models. Existing
outdoor facilities consisting of five-sided “bang-boxes”
may be used for models up to 1/25-scale. Instrumenta-
tion bunkers, communications facilities, electric pow-
er, and access roads are available at these sites.

Maodels larger than 1/25 scale can not be accom-
modated in the existing Sandia test facilities; however,
models to approximately 1/8 scale could be construct-
ed and tested in Sandia’'s Area 11l complex. Facilities
such as bunkers, electrical power, and access roads
must be provided. Such facilities have frequently been
constructed for other Sandia tests.

If a 1/4-scale model is tested, a site more remote
than Area III is required. Candidate test areas are
Sandia's Coyote Canyon Test Area located approxi-
mately 12 miles southeast of the laboratory in the
Manzano Mountains and Sandia’s Tonopah Test
Range located near Tonopah, Nevada. Both of these
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areas would require site work, but support facilities
and experienced personnel are available.

6.3.2 Seismic Facilities

Results of a survey of existing shaker facilities
(from Reference 8, with additions and modifications)
are presented in Table 6.3-1. Minimum input require-
ments for replicating a design-response spectrum
from Regulatory Guide 1.60? are presented in Table
6.3-2. A 1.0-g normalization has been selected to
demonstrate trends; however, to be reasonably confi-
dent of inducing failure in a containment, a capability
to replicate a full-scale spectrum approaching 4 g is
probably required (4 g at full-scale corresponds to 32 g
at 1/8 scale when replica scaling is used). Therefore,
although precise facility requirements for this pro-
gram have not been formulated, it is clear that no
single existing or planned facility can meet the re-
quirements for the range of scales discussed in this
plan. Even the impressive facility under construction
at Tadotsu Engineering Laboratory in Japan may be
incapable of failing a 1/4- or 1/8-replica scale model.? 1

A facility large enough to use a base-excited,
response-controlled, hydraulically actuated table for
tests to failure at 1/4 or 1/8 scale is probably within
current technology; however, such a facility does not
presently exist and would cost several hundred million
dollars to construct. The Japanese Tadotsu facility,
which has been several years in construction, was built
at a cost between $80M and $200M. Therefore, it is
anticipated that shaker tables will not be used for the
large scale tests in this program. For small scale
experiments, some existing shaker facilities may be
suitable; additional investigation is needed to deter-
mine precise facility requirements and to match avail-
able facilities with these requirements.



Table 6.3-1. Characteristics of Seismic Shaker Test Facilities
Max Max 2-g

Weight Weight Approx Freq
Control Table Size 'lest Item Test Itern Max Displ. Max Force Maximum
Facility Axes (ft; (klb) (klb) (in.) (klb) (Hz)
Tadotsu Eng Lab 2 49x49 2,210 39V 7.280 V
79H 6,600 H 30
Corps of Eng 2 12x12 810 13 275V 810V 200
Construction Eng 575 H 450 H
Research Lab
Hill AFB A 2 262 f1? 87 200 55
B 108 ft? 4.5 5 100 500
Univ. of CA 2 20x20 120 30 40V 100V 50
120 H 210 H
Wyle Labs A 2 4x4 3 3 (both) 25V 500
B 1 6.7x8.3 12 3 80 250
C 1 5x17 40 40 5.5 150 500
D 2 9x12 10 8 (both) 31 70
E 2 Bx8 6 9V 36V 70
12H 29 H
Westinghouse
Astronuclear Lab 1 8x16 180 20 20 55 33
Acton 2 36 ft? 8 26 26 200
SNL 1 4x6 10 8 40 0.1 - 500
White Sands A 1 5x5 24 12 10 24 =100
Missile Range B 1 None 40 20 4 40 > 100
Southwest -
Research Inst. 2 4x4 6 66V 20V 100
6.6 H 10H
Battelle 2 28 ft? 1.5 4 6 50
Systems Controls 1 35 ft? 2 6 2 33
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Table 6.3-2. Minimum Input Requirements
to Replicate a 1.0-g Horizontal Response
Spectrum

Scale of Maximum

Replica Acceleration' Displacement' Frequency?
Model (g (in.) (Hz)
Full 1.0 36 33
1/4 4.0 9.0 130
1/8 8.0 45 260
1/16 16.0 2.2 530
1/32 32.0 1.1 1100

'Full scale site-independent spectrum normalized to 1.0 g
from Req. Guide 1.60.7

Maximum required frequency for full scale is assumed to be
the lowest frequency at which no amplification of ground
motion is specified in Reference 2.

6.4 Instrumentation

Instrumentation of the modeled containment
structure has three purposes. The instrumentation
must

* Detect failure of the containment structure

» Provide adequate data to evaluate the validity
of computer codes to predict the static and
dynamic response of the containment structure

* Provide accurate data to evaluate the actual
applied loads for correlation with the responses.

High demand will be placed upon the instrumenta-
tion, because both elastic and plastic deformation of
the structure must be measured. In local regions of the
structure, the tests may completely destroy the integ-
rity of the structure.

Failure-detection instrumentation may include
photographic/video recording for visual reconstruc-
tion; acoustic monitoring for indications of leaking or
cracking; pressure and mass-flow monitoring for leak-
rate determination; sampling of trace elements f{or
leak detection; and kinematic measurements for de-
tection of sudden changes that imply failure. These
and other kinematic measurements will establish the
response of the model to the pressure loading. Re-
sponse measurements will use displacement and
strain gages as the fundamental transducer types with
other techniques such as birefringent coatings and
interoferrometric or laser-ranging systems as auxiliary
devices to permit certain areas to be investigated more
thoroughly or more conveniently.

Pressure measurement for accurate monitoring of
loading will be required. Accurate pressure measure-
ments, and even some response measurements, will

B2

necessitate temperature measurements in suitable lo-
cations.

All the foregoing measurements will be recorded
in the appropriate way, either on film, magnetic tape,
or as digitized data for computer storage. Thorough
and consistent error analysis will be performed on
each piece of measured data so that the results derived
from the data may be stated precisely with known
errors and confidence.

Data measured and recorded will be reduced to
engineering units, the appropriate errors will be asso-
ciated with the measurement, and the results present-
ed in a form that best describes the relationship
between fundamental quantities. The confidence and
accuracy associated with cach relationship wiil be
established and stated.
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7. Summary and Preliminary Plans

Three different types of containment structures
will be considered in this program:

« Hybrid steel (ice condenser and MKIII)
« Reinforced concrete
* Prestressed concrete

The specific loading conditions to be considered are

« Static internal pressurization
« Dynamic internal pressurization
* Seismic loadings

Although nine combinations of containment types
and loading conditions can be postulated, not all
combinations will be investigated. Funding con-
straints, NRC priorities, and other factors will dictate
priorities and an order of investigation. At the present
time it is anticipated that the static pressurization of
hybrid-steel containments will be investigated first.
Static pressurization is the most straightforward of
the loading conditions; hybrid-steel containments
have the lowest design pressure and may be the most
susceptible to failure caused by a hydrogen deflagra-
tion/detonation.

Additional work is necessary to develop loading
techniques for the dynamic-pressurization and seis-
mic experiments. Indeed, a meaningful seismic test to
destruction of a concrete containment model may not
be possible with existing techniques and equipment.
Compromises in experimental objectives and model

configurations will be considered along with a further
investigation of testing techniques.

The experimental portion of the program will use
scale models. Many features in the models will repli-
cate features in full-size containments. Adequate
modeling will be used where necessary because of
economic constraints. At present, scales of between '
and 1/32 are anticipated for the steel models. Models
of about 1/10 scale are anticipated for the concrete
models. Concrete presents modeling difficulties at
smaller scales; further investigation will be conducted
prior to concrete-model design and construction.

Analytical effort will parallel the experiments.
Preliminary analyses will be conducted to gain insight
into the nonlinear behavior of containments at load-
ings approaching those required to cause rupture and
to identify problem areas for future analytical and
experimental work. After testing of a configuration is
completed, the analytical and experimental results
will be compared in an attempt to qualify the analyti-
cal methods for structures and loadings of the type
tested. Computer code modifications will be under-
taken if necessary. In addition to investigating the
adequacy of complex computer codes, the applicabil-
ity of hand-calculations based upon the properties
and loading of gross sections will be investigated.

Detailed plans for the analysis and testing of each
combination of loading and containment type will be
formulated prior to initiation of testing of that config-
uration. Modifications and additions to the work pre-
sented herein will be reported as appropriate.
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APPENDIX A

Reactor Containment Structures

A1 Classification of Containment

Structures

This appendix contains a tabulation of 181 LWR
containment structures. The basis for the tabulation
is the set of land-based light-water commercial-power
reactors listed in Reference 1 as either operating reac-
tors or docketed proposed plants. The containment
structures are cataloged in Section A3 by

« LWR Type (BWR or PWR)
» Type of Pressure Suppression System
MARK |
MARK 11
MARK 111
Pre-MARK
Ice-Condenser
Subatmospheric Uperation
Atmospheric Operation Without Pressure Sup-
pression
« Containment Structure Configuration
» Containment Structure Construction Material
Steel
Reinforced Concrete
Prestressed Concrete
Hybrid Steel (steel shell and reinforced concrete
base)*

The information contained in Section A3 is sum-
marized in Tables Al-1 through Al1-5.

The primary sources of information for contain-
ment structure classifications were the plant Final
Safety Analysis Reports (FSAR), if available; if not,
the plant Preliminary Safety Analysis Reports
(PSAR). In a number of cases (approximately 85 out
of 181), other sources® ' were used when FSAR and
PSAR information was not available or could not be
used. The scheduled completion dates for units that
are in the planning or construction phase were ob-
tained from Reference 11 and have a June 30, 1980

*The terms hybrid steel and free-standing steel are used
interchangeably

base date. The subsequent cancellation of two plants
(North Anna 4 and Forked River) is also noted in
Section A3.

Table A1-1. Steel BWR Containments

Other Steel Freestanding
Light-Bulb/Torus MARK 11 Steel
MARK | & Pre MARK MARK 111
Operating plants 20 4
Humbolt Bay s in
this category

Plants expected to

be placed in commer

cial operation be

tween 6/30/80 and

12/31/82 1

Plants expected 1o be

placed in commercial

operstion after

1231782 2 1 -
Plants which are

planned. but have the

commercial opers

tion date listed as in

definite -

“The terms hybrid steel and free standing stee! are used interchangeably

Table A1-2. Concrete BWR Containments

Prestressed

Deformed Bar Rewnforcing Weinfossivg
MARK 1 MARK Il MARK 1 MARK 11

Operating plants 2

Plants expected 1o

be placed in commer

cial operation be

tween 6/30/80 and

12/31/82 1

Plants expected to be

placed in commercial

operaticn after

12/31/82 5 1 1
Plants which are

planned, but have the

commercial opers-

tion date listed as in

definite 3

X
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Table A1-3. Prestressed Concrete PWR

Containments (atmospheric)
Six Huttress
Lol - oy — o
Dome Dome Dome Designa
Opersting plants i5 L) 1 3
Plants expecied 1o

be placed in commer

cial operation be

tween 6/30/80 and

123182 2 2

Plants expected to be
placed in commercial
operation after
12/31/82 9 4 3
Forked River
Cancelled
Plants which are

planned, but have the
commercial opers
tion date Listed as in
definite 2
Enel &2
Cancelled

Table A1-4. Reinforced Concrete PWR
Containments

__Deformed Bar Reinforced Concrete

Ice
Condenser Subatmospheric  Atmospheric

Operating plants 2 4 5
Plants expected o be placed in

commercial operation between

6/30/%0 and 12/31/82 4

Plants expected to be placed in

commercial operation after

12/31/82 6 9

Plar which are planned, but have

the commercial operation date list

ed as indefinite 1 2
North Anna  New England
4 Cancelled 1| & 2 Cancelied

Table A1-5. Steel PWR Containments

Cylinder With

Freestanding Sphere Domed Closures

_ ___lice cond ) pheric)  (stmospheric)
Operating plants 3 5

Plants exp. _.ed to be placed in
commercial operation beiween
6/30/80 and 12/31/82 6 1

Plants expected to be placed in
commercial operation after
12/31/82 ? 4 5

Plants which are planned, but
have ‘he commercial operation
date listed as indefinite 4

48

A2 Accuracy of Classifications

The information contained in Section A3 was
obtained from the sources referenced abo . e. However,
there were conflicts in the classification of some of the
contsinments. Where possible the FSAR or PSAR on
the plant in question was reviewed to determine con-
tainment classification; in some cascs the plant AE
was contacted’ to determine containment classifica-
tion. It is our cpinion that Section A3 is generally
correct, but may, in a few cases, be in error. The data
sample is large enough (181 containments) so any
error that would result in changing a plant contain-
ment classification would not significantly alter the
data base presented in Section A3 nor the conclusions
derived therefrom.

A3 Containment Structure
Catalog

A3.1 BWR Commercial Reactor
Containments

MARK I Containments

Steel containment structures in the light-bulb/torus
configuration.

Licensed Plarts
Arnold

Browns Ferry 1, 2, and 3
Cooper

Dresden 2 and 3
Fitzpatrick

Hatch 1 and 2
Millstone Point 1
Monticello

Nine-Mile Point 1
Oyster Creek

Peach Bottom 2 and 3
Pilgrim 1

Quad Cities 1 and 2
Vermont Yankee

Future Plants Scheduled Complet. n
Fermi 2 1982
Hope Creek 1 1986
Hope Creek 2 1989

Deformed-bar reinforced-concrete containments with
steel liner in both the dry well and torus-shaped
suppression chamber.



Licensed Plants
Brunswick 1 and 2

Future Plants
None

MARK II Containments

Deformed-bar reinforced-concrete with steel-domed
closure cap, steel liner, and flat base.

Truncated-cone and vertical-cylinder body.

Licensed Plants
None

Future Plants Scheduled Completion

Limerick 1 1985
Limerick 2 1987
Nine Mile Point 2 1986
Susquehana 1 1982
Susquehana 2 1983

Truncated-cone body

Licensed Plants

None
Future Plants Scheduled Completion
Shoreham 1983

Prestressed concrete body, steel cap, steel liner, and
flat base.

Truncated-cone and vertical-cylinder body.

Licensed Plants
None
Future Plants Scheduled Completion
La Salle 1 1981
La Salle 2 1982
Zimmer 1 1981

Truncated-cone body

Licensed Plants

None
Future Plants Scheduled Completion
Bailly 1 1987

Steel containment with truncated-cone and vertical-
cylinder body, domed-closure cap, and ellipsoidal
base.

Licensed Plants

None
Future Plants Scheduled Completion
Washington 2 1983

MARK III Containments

Deformed-bar reinforced-concrete vertical cylinder,
hemispherical dome, flat base, and steel liner.

Licensed Plants

None
Future Plants Scheduled Completion
Clinton 1 1982
Clinton 2 Indefinite
Grand Gulf 1 1982
Grand Gulf 2 1986
Skagit 1 Indefinite
Skagit 2 Indefinite

Free-standing ste:l cylinder and shallow dome with
deformed-bar-reinforced base. Base has a steel liner.

Licensed Plants

None
Future Plants Scheduled Completion
Allens Creek 1987
Black Fox 1 1985
Black Fox 2 1588
Hartsville 1 1986
Hartsville 2 1987
Hartsville 3 Indefinite
Hartsville 4 Indefinite
Montague 1 Indefinite
Montague 2 Indefinite
Perry 1 1984
Perry 2 1988
Phipps Bend 1 Indefinite
Phipps Bend 2 Indefinite
River Bend 1 1984
River Bend 2 Indefinite

Other BWR Containments (Pre-MARK)

Steel containment with a hemispherical dome,
vertical-cylinder body, and ellipsoidal base.

Licensed Plants
La Crosse

Free-standing steel sphere
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Licensed Plants
Big Rock Point
Dresden 1

Steel dry well, deformed-bar-reinforced concrete wet
well with steel liner.

Licensed Plants
Humboldt Bay

A3.2 PWR Commercial Reactor
Containments

Ice Condenser Containments

Deformed-bar reinforced-concrete vertical cylinder,
hemispherical dome, and flat base with steel liner.

L_ic_ensed Plants
D.C. Cook ' >nd 2

Future Plants
None

F ree-standing steel cylinder and hemispherical dome
with deformed-bar reinforced concrete base and steel-
base liner.

Licensed Plants

None
Future Plants Scheduled Comnpletion
Catawba 1 1983
Catawba 2 1985
McGuire 1 1981
McGuire 2 1982
Sequoyah 1 1980
Sequoyah 2 1981
Watts Bar 1 1981
Watts Bar 2 1982

Subatmospheric Containments
Deformed-bar reinforced-concrete cylinder, hemi-
spherical dome, flat base, and steel liner.

Licensed Plants
Beaver Valley 1
North Anna 1
Surry 1 and 2
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Future Plants Schedule Completion

Beaver Valley 2 1986
Jamesport 1 1988
Jamesport 2 1990
Millstone 3 1986
North Anna 2 1981
North Anna 3 1987
North Anna 4 Cancelled

Atmospheric__Containment _ Structures _ (without
pressure-suppression features)

Deformed-bar reinforced-concrete cvlinder, hemi-
spherical dome, flat base, and steel liner.

Licensed Plants

Haddam Neck (Connecticut Yankee)
Indian Point 2 and 3

Main Yankee

Salem 1

Future Plants Scheduled Completion
Comanche Peak 1 1981
Comanche Peak 2 1983
Diablo Canyon 1 1981
Diablo Canyon 2 1981
Harris 1 1985
Harris 2 1988
Harris 3 1994
Harris 4 1992
New England 1 Cancelled
New England 2 Cancelled
Salem 2 1981
Seabrook 1 1983
Seabrook 2 1985
Washington 1 1985
Washington 4 1986

Concrete vertical cylinder with prestressed vertical
reinforcement and deformed-bar hoop reinforcement.
Deformed-bar reinforced-concrete hemispherical
dome and flat base. Complete steel-lined structure.

Licensed Plants
Ginna
Robinson 2

Prestressed concrete vertical cylinder and dome, de-
formed bar reinforced flat base, and steel liner.



No buttresses, shallow dome, and diagonal reinforcing

pattern.

Licensed Plants
Fort Calhoun

Three-buttress design
Hemispherical dome

Licensed Plants
Trojan

Future Plants
Calloway 1
Calloway 2

Erie 1

Erie 2
Greenwood 2
Greanwood 3
Palo Verde 1
Palo Verde 2
Palo Verde 3
Pebble Springs 1
Pebkle Springs 2
Pilgrim 2

South Texas 1
South Texas 2
Sterling
Summer

Vogtle 1

Vogtle 2

Wolf Creek

Shallow dome

Licensed Plants
Arkansas 1 and 2
Farley 1
Millstone 2
Rancho Seco

Future Plants
Braidwood 1
Braidwood 2
Byron 1
Byron 2
Farley 2
Marble Hill 1
Marble Hill 2
Midland 1
Midland 2
San Onofre 2
San Onofre 3

Scheduled Completion

Four-buttress design with shallow dome

Licensed Plants

None

Future Plants
Bellefonte 1
Bellefonte 2
Forked River

Scheduled Completion

1983
1984
Cancelled

1982
1987
Cancelled
Cancelled
1990
1992
1983
1984
1986
1988
1990
Indefinite
1984
1986
1988
1981
1985
1988
1983

Scheduled Completion
1985

1986
1983
1984
1981
1986
1987
1984
1983
1981
1983

Six-buttress design with shallow dome

Licensed Plants

Calvert Cliffs 1 and 2
Crystal River 3

Oconee 1, 2, and 3
Palisades

Point Beach | and 2
Three Miie Island 1 and 2
Turkey Point 3 and 4
Zion 1 and 2

Spherical-Steel Containments

Licensed Plants

Indian Point 1

San Onofre 1

Yankee Rowe
Future Plants Scheduled Completion
Cherokee 1 1990
Cherokee 2 1992
Cherokee 3 Indefinite
Perkins 1 Indefinite
Perkins 2 Indefinite
Perkins 3 Indefinite
Yellow Creek 1 1985
Yellow Creek 2 1988

Steel containment with a hemispherical dome,
vertical-cylinder body, and ellipsoidal base.

Licensed Plants

Davis Besse 1

Kewannee

Prairie Island 1 and 2

St. Lucie 1
Future Plants Scheduled Completion
Davis Besse 2 1988
Davis Besse 3 1990
St. Lucie 2 1983
Washington 3 1986
Washington 5 1987
Waterford 3 1982
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APPENDIX B

Full-Size Containment-Like Structures

B1 Introduction

A brief search was conducted to identify full-.ize,
containment-like structures that might be suitable
and available for use as test specimens in this pro-
gram. The search consisted of telephone inquiries to a
number of potential sites throughout the United
States. No facilities were visited. The most suitable
structures for use in parts of the containment tests
may be (1) the Experimental Boiling Water Reactor
(EBWR) facility located at Argonne National Labora-
tory; (2) the decommissioned Saxton PWR facility
located in Saxton, PA; and (3) the decommissioned
Carolinas Virginia Tube Reactor located in Parr, SC.
Data obtained from these and the other facilities for
which inquiries were made is presented on the follow-
ing nages.

B2 List of Facilities

B2.1 Argonne National Laboratory

Argonne National Laboratory
Argonne, IL

Principal Contact: John Honekampe
Phone: 8-972-4483

Facilities:
CP-5 Nuclear Reactor Facility

* Not in use at present

» Reactor still in building

+ Building has high bay with dome
* Reactor is 5-MW pool type

* Geometry not known at present
« Nearest structure 500 ft away

EBWR Facility (Experimental Boiling Water
Reactor)

» Reactor decommissioned and removed
* Building details
Cylindrical steel shell
Diameter: 80 ft
Height: 119 ft
56 ft of building is below ground level
Bottom and sides are 5/8-in.-thick steel
Dome is 3/8-in.-thick steel
* Some small amount of Pu containment
« Vibration laboratory located nearby

B2.2 Hanford Engineering
Development Laboratory

Hanford Engineering Development Laboratory
Hanford, Washington

Principal contact: Roy E. Dunn

Phone: 8-444-7258

Facilities:
PRTR Building (Plutonium Recycle Test Reactor)

* Reactor not operational
* Building now used for temporary laboratory

space
* Building has steel dome

200 Area Building
* Building has domed-shape roof

« Steel tank inside of building
* Size of building is “small”
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B2.3 Idaho Operations Office CETG Domes

Idaho Operations Office ¢ Similar to DoD doines except for 6-in. shell
Idaho Falls, Idaho thickness
Principal contacts: Ray McCord, Stu Milam * Unknown number available
Phone: 8-583-2466
Phone: 8-583-1618 B2.6 White Sands Missile Range
Facilities: White Sands Missile Range
EOCR Building (Experimental Organic Coolant White Sands, NM
Reactor) Princi »al contact: John McDougall

Phone 1-678-2443
« Building will not hold pressure
* Large steel vessel in building Facilities:

* Presently not in use Climatic conditioning igloos (3)

B2.4 Los Alamos Scientific Laboratory « Not presently in use
* Reinforced concrete
Los Alamos Scientific Laboratory * Covered by 2-ft earth (not underground)
Los Alamos, NM * Inside height (max) 12 ft
Principal contact: Jim Jackson * Aluminum liner

Phone: 313-7-1211
Smaller igloos (3)
Facilities:
UTREX Reactor Building . Slmllgr u).above but smaller
» Specifications not known

« Reinforced concrete with steel liner
» Presently used for laboratory space
* Personnel building located nearby

Underground bunkers

« Reinforced concrete
« Presently not in use

TA-55 Pu Processing Building Ractanmaler eha
* Rectangular shape

* In use full time

B2.7 Decommissioned Facilities
B2.5 Nevada Test Site

Decommissioned Facilities:

Nevada Test Site Name: Saxton
Las Vegas, Nevada NSSS Type: PWR
Principal contact: Hank Kerr (Sandia) Location: Saxton, PA

Phone: 311-6-0420
Name: Carolinas Virginia Tube Reactor
Facilities: NSSS Type: PWR
DoD Domes Location: Parr, SC

* At least two available

« Presently not in use

* Need cleaning

* Building details
Reinforced concrete
Diameter: 50 ft
Shell thickness: 24 in.
Max rise 9 ft 8 in.
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APPENDIX C
Estimates of Model Fabrication Costs

Estimates were made of the fabrication costs asso-
ciated with various sized models of the containment
structures. These estimates were made for an urban
construction site, such as Albuquerque, and must be
increased for a remote construction site. A summary
of these costs are given in Table C-1. Three contain-
ment types were considered: (1) a free-standing steel
containment, (2) a reinforced concrete containment,
and (3) a prestressed concrete containment. In order
to estimate costs, specific containment designs were
chosen as typical. Watts Bar Units 1 and 2 were
chosen to represent the free-standing steel type; Sa-
lem Units 1 and 2, the reinforced concrete contain-
ment type; and South Texas Units 1 and 2, the pre-
stressed concrete type. These designs were chosen
because of readily available design information; they
do not necessarily represent the best choices for the
program. However, they appear to be typical of their
respective classes of designs and are appropriate for
deriving preliminary cost estimates. Five scale sizes
were considered in this early study, including 1/4, 1/8,
1/10, 1/20, and 1/50. Interpolation provided estimates
for 1/16 and 1/32 scales.

The following paragraphs describe the limitations
assumed for estimating the costs of the various sized
models in the preliminary study described above.

1/4~Scale Replica Model

It was assumed that very close replicas of the
prototype containments will be fabricated. Concrete,
liner plate, reinforcement, and weld lines will be du-
plicated. Welds themselves will not be replicated.
Sizes are sufficiently large to allow the use of standard
rebar and steel sheet of the same type and grade.
Concrete can be fabricated having similar strength
and aggregate properties. All major penetrations will
be included.

1/8~Scaie Replica Model

All concrete, rebar, plate reinforcement, and weld
lines will be duplicated. Commercially available stan-
dard rebar will be used. In some cases, special steel
plate may be substituted for the designated ASTM

steels if thin plate (80 to 170 mils) is unavailable in the
same type and grade as used in the prototype. Con-
crete will be fabricated with scaled strength and ag-
gregate size although aggregate strength may not be
replicated exactly. All major penetrations are
included.

1/10-Scale Replica Model

Same details as 1/8 model.

1/20-Scale Replica Model (also
applies to 1/16 scale as well)

All concrete, rebar, and plate reinforcement will
be duplicated. Because of the smaller scale, fewer
plates will be used in fabricating the free-standing
steel containment liners of the concrete containments
and the free-standing steel containment with the con-
sequent reduction in welds. Concrete strength will be
replicated, but aggregate properties will not be. Only
the major penetrations will be included.

1/20~-Scale Nonreplica Model

Because of the high cost of deplicating rebar
placement, another model was costed in which steel
mesh would replace the rebar. The reinforced concrete
would be fabricated to retain the correct cross-sec-
tional strength and stiffness. All other details would
be the same as the 1/20-scale replica model.

1/50~-Scale Nonreplica Model
(also applies partially to 1/32
scale)

Because of the size, rebar placement and plate
reinforcement will not be replicated, but the effective
strengths and stiffnesses will be. The steel wall of the
free-standing steel containment and the cylinder wall
liners in the concrete containment will be fabricated
from a single sheet. The steel dome will be spin formed
in a single piece. Concrete strength will be replicated
but aggregate properties will not be.
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