Nuclear Engineering and Design 140 (1993) 3-18
North-Holland

Recent advances in concrete containment vessels in Japan

=

T. Kuroda *, T. Ebine Y, S. Sato € and M. Kato ¢

# Shimiru Corporation, 2-3, Shibaura I-chome, Minato-ky, Tokyo 105-07, Japan )
¥ Agency of Natural Resources and Energy, Minisiry of Intzmational Trade and Industry, 3-1, Kasumigaseki I-chome,

Chiyoda-ku, Tokyo 100, Japan

€ Tokyo Electric Power Company, 1-3, Uchisaiwai-cho 1-chome, Chiyoda-ku, Tokyo 100, Japan
4 Japan Atomic Power Company, 6-1, Otemachi I-chome, Chivoda-ku, Tokyo 100, Japan

Reccived 18 September 1992

An outline of the development of concrete containment vessels in Japan for use in nuclear power plants is described,
where the emphasis is laid on the reinforced concrete containment vesset (RCCY) recently developed for the advanced
boiling water reactor (ABWR). Also explzined are the salient features of concrcte containment vessel design which arc
unique in Japan; pamely stringent seismic requirements, thorough verification and novel containment concept. Finally the
design principles applied to ROCV are presented along with the design standard.

L Introduction

A majority of nuclear power plants in Japan
presently in operation, under construction and in
preparation belong to light water reactors (LWR).
Namely 52 units out of 53 units 2re LWR’s, which
consist of 23 units of pressurized water reactors (PWR)
and 29 units of boiling water reactors (BWR} [1).

As can be scen from table 1, the prestressed con-
crete containment vessel (PCCV) was first adopted in
PWR’s for the 1160 MWe Tsuruga Power Station Unit,
2 which started operation in 1987, and since then all
the 1100 MWe class PWR's built in Japan have em-
ployed POCV. In BWR’s the ROCV was first intro-
duced into the 1356 MWe ABWR Kashiwazaki-Kariwa
Power Station Unit 6 and 7 (K6,/7) which are expected
to begin their operation in 1996 and 1997 respectively.
The use of RCCV for ABWR is one of the unique
features of ABWR by which a significant improvement
is expected to be made to the operability, safety and
economy of BWR. The development work for ABWR
was completed in 1985 and it is anticipated that the
future BWR type power reactors will be dominated by
ABWR. .

Now it must be mentioned that there are some
unique features to be noted in the concrete contain-
ment vessel development in Japan, The salient features
among them are as follows:
~ Stringent seismic reguirements

— Thorough verification by a series of extensive experi-
mental studies

— Novel containment concept building / containment
(RCCV) integrated structure for ABWR,

In this paper the presentation is centered on these

three important features. Finally a brief explanation is

given of the design principles and standard relevant to

concrete containment vessel,

2. Seismic requirements
2.1. Basic requirements

2 1.1. Basic principles .
An overview of the seismic design procedure for
nuclear power plants in Japar is shown in fig. 1. In
general, seismic design is conducted in accordance with
the following sequence in such & way as to conform to

the regulatory guides and standards {2-6].

(1) Preparation of basic information, including identi-
fication of the carthguakes to be considered in
design, .

(2) Estimation of carthquake ground motions and in-
put motions induced by the carthquakes thus iden-
tified,

(3) Estimation of seismic forces acting on the plant by
seismic response analysis and static seismic re-
quircment,
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Fig. 1. Flow of seismic design procedures for nuclear power plants in Japan.
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(4) Estimation of stresses, strains, deformations, etc.
resulting from seismic forces,
(5) Finally review of structural integrity and safety
function of the plant in light of acceptance criteria.
In practice, all the plant items are first classified into
three categories, A, B and C according to their impor-
tance. There is one more class, that is As, on which the
more stringent requirements arc imposed in addition
to the requirements as A. Containment vessels belong
to this As class, In principle, using the design basis
carthquake ground motions, a dynamic analysis is per-
formed for class A items to obtain the seismic forces
other than the static analysis. A time dependent seis-
mic response analysis technique is usually employed
for the analysis of buildings and structures, but this
technique is used for some of the-major equipment and
piping as well. A static analysis is required for all
classes, and the intention is to determine the minimum
seismic forces (so-called “seismic floor™) to be taken
into account in the design, on the basis of the require-
ments sct forth in the Building Standard Law, Building
Standard Law Enforcement Order, Notifications of
Ministry of Construction and relevant regulations
(hereafter referred to as “Building Standard Law™).

It can be said that there are three main features in
the seismic requirements and practices prevailing in
Japan. They are S, and S, design basis earthquake
ground motions, seismic classification and static analy-
sis requirement to arrive at design seismic forces.
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2.1.2. Design basis earthquake ground motions
Presented herein is an outline of how the design
basis earthquake ground motion is defined in Japan.
Figure 2 shows the locations of nuclear power plants in
Japan and the two levels of the maximum accelerations
of design basis earthquake ground motions §; and §,
employed for these plants. Although the maximuni
acceleration is not a good measure of the damage
potential of earthquake ground motions, they are shown
here as an indicator of the scismic intensity at each
site. It is seen that they range from 180 to 450 gal for
S, and 270 to 630 gal for S,. The Japanese Guide [3]
(hereafter referred to as “Guide™) requires that the
design basis carthquake ground motions be classified
into §; and S, as described below. Ground motion §,
is induced by the S, design carthquake that is the
maximum design earthquake thought probable to oc-
cur, and ground motion 8, is induced by the §, design

. earthquake that is the extreme design earthquake

thought possible to occur.

According to the Guide, the design basis earth-
quake ground motions are defined as the ground mo-
tions at the free surface of the base stratum of a site.
The Guide also says that “the free surface of the base
stratum” is a nearly flat surface of the base stratum
extending over a considerable area, and above which
neither surface layers nor structures are assumed to be
present. The base stratum is firm bedrock which was
formed in Igcncra! in the Tertiary or earlier era and
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Fig. 2. Design earthquake acceleration levels in Japan (gal: unit of acceleration, cm/52).
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Fig. 3. Flow chart for determining design basis carthquake
ground motions S, and §,.

which is not significantly weathered nor fissured. In
Japan bedrock is, in general, oonsidered to exhibit a
shear wave velocity greater than 700 m/s.

Figure 3 shows how the design basis earthquake
ground motions S; and S, be established in Japan for
use in nuclear power plant design. First of all, it is
required to determine the S, and S, design earth-
quakes which give the design motions S, and S,. An §,
carthquake is determined primarily on the basis of the
records of historic earthquakes and highly active faults.

Statistical expectancy based on the records of historic
earthquakes is also taken into account in estimating
the intensity of S, earthquake motions. An §, carth-
quake is determined on the basis of seismo-tectonic
structure at a site region and the active fault with
relatively low activity. In addition an earthquake of
magnitude 6.5 occurring directly undemeath the site
must be assumed to occur as the 8, design earthquake.

The earthquake ground motions are characterized
by the maximum amplitude, frequency characteristics,
duration time and time-dependent variation of ampli-
tude envelope curve, Based on the S, and §; design
carthquakes, these parameters can be determined. Us-
ing these information, thus the design basis earthquake
ground motions S, and §, are established in the form
of design spectra and synthesized ground motions.

2.1.3. Seismic classification and design seismic force
Table 2 gives the definition and examples of seismic
classification. It is a mandatory requirement in Japan
that all the plant items be classified into the three
categories A, B and C in accordance with their impor-
tance in terms of the public safety. Classified as class A
are the items containing or related to highly radioac-
tive material, and whose loss of function might lead to
the release of radioactive material to the atmosphere,
and such items required to protect the public from
nuclear hazards in the event of a nuclear accident.
Essential items among class A items such as reactor
containment, shutdown devices, and primary coolant
system are classified as As. Such items related to
radioactive material but having relatively minor effec-
tiveness except those classified as class A are classified
as class B. Class C items are those not classified as

Table 2
Seismic classification
Seismic
Classification Definition . Example
Facilities extremely easential to plant |Reactor containment, Reactor

Class As [safety among Class A items

ccolant pressure boundaries,
Core shutdowm system, etc.

facilities

Facilities important to plant safety or |Reactor auxiliary building,
Class 4 related to radioactive material Emergency core cooling system,
Emergency off-gas system, ete.
Same as Class A but whose rupture might lead {Turbine Bldg. (BWR),
Class B to less serious consequences . Rad-waste treatment system, ete.
Facilities not classified as A or B, and the [Turbine Bidg. (PWR),
Class C same degree of safety as ordinary industrial |Turbine Generator, ete.
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Design seismic forces

Seisaic

Static

Dynamic

Classification
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Vertical

Horizontal

_Yertieal.

Class As

52

V2

Class &

3Ci
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1.0C1 -_— — —
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Dynamic forces derived from design basis earthquake ground motions 52 and Sy
Uniform Vertfcal forces based on 1/2 maximum acceleration amplitude (gal} of
S2 and S{ motions divided by acceleration of gravity {980)

Shearing force coefficient to be determined from the standard shearing
coefficient of 0.2 and other considerations such as response characteristics
of building and soil

:ert.i.eal seismic coefficient of 0.3 and is uniform value {rrespective of
eight

5) For equipment and piping, the above static value must be multiplied by a factor of 1.2
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class A and B, which are only required to maintain the
same degree of safety as ordinary industrial facilities.

Table 3 shows the relation between design scismic
forces and seismic classification. It is required accord-
ing to the Guide that all the class A items including
class’ As items be designed to the design basis ecarth-
quake ground motions $,, while only the class As items
are required to be designed to thic design basis carth-
quake ground motion S,. The basic concept behind the
use of two levels of design earthquake S, and S, is that
a nuclear power plant must remain intact and can
continue its operation during and after the maximum
design earthquake S, which is thought probable to
occur, in addition to maintaining its safety function
during and after the extreme design earthquake S,
which is thought possible to occur.

It will be noticed that the static forces are larger in
the order of importance, namely in the horizontal
direction 3, 1.5 and 1.0 for A, B and C respectively. It
will also be seen that the seismic forces in the vertical
direction are only required for class A, and no dynamic
analysis is presently required in the vertical direction.
It should also be pointed out that the static forces are
20% larger for equipment and pipings than for build-
ings and structures. This is because of the considera-
tion for the minimum response amplification relative
to buildings.

2.1.4. Acceptance criteria for seismic qualification

The acceptance criteria for seismic qualification of
nuclear power plants in Japan are outlined with em-
phasis placed on load combinations and alfowable lim-
its. Table 4 presents the basic principle of load combi-
nations and allowable Jimits prevailing in Japan. Basi-
cally it is required for class A items to take into
account an occurrence of the maximum design earth-
quakes S, under normal or upset condition. For class
As items such as containment vessels, It is further
required that a simultancous ocourrence of the design
accident and maximum design earthquake §; be con-
sidered slthough it is a very remote probability, in
addition to a combination of normal or upset condition
plus an occurrence of the extreme design earthquake
S,.

In principle the class A jtems are required to re-
‘main elastic under S, loading condition, and the details
are stipulated in the Japan Electric Association’s Tech-
nical Guide [6] to meet this intent in accordance with
the stress category in the case of equipmént and piping
for example, such as primary stress, sccondary stress
and local stress, while the newly established MITI

Notification [7] is applied to concrete containment
vessels. - :

In the case of class A and B buildings and struc-
tures, it is required to follow the allowable limits for
short term loading stipulated in the Building Standard
Law, if they nced to remain clastic. Although it is
allowed for the most essential As items to exceed
clastic limits, they are required to possess a sufficient
margin for deformation capability and a certain appro-
priatc margin against ultimate state or strength for the
sake of retention of safety function of a plant,

2.2. Reguirements for concrete containment vessels

Seismic forces acting on concrete containment ves-
sels are estimated in accordance with the above-men-
tioned seismic design sequence, and in the case of
PCCV for a typical recent PWR plant, its response at
the top of the dome is obtained at approximately 2700
gal and over 3000 gal under the S, and S, carthquake
intensity level of 365 gal and 532 gal respectively (gal:
unit of acceleration, tm/s?). The maximum story shear
coefficient at the bottom of containment vessel under
the above condition is estimated at 1.31 and 1.57 [8].

In the case of RCCV's, since the center of gravity of
deeply embedded containment/building structure is
fairly lJowered as compared to other LWR’s, the design
is dictated by static forces rather than dynamic forces,

It can be noted from the above examples that the
stringent seismic requirements were one of the incen-
tive to employ PCCV’s in the case of PWR's, and that
the use of RCCV /building combined structure has an
advantage in terms of scismic resistance capability.
Upon the introduction of PCCV's and development of
RCCV’s, for the purpose of proving the seismic qualifi-
‘cation and appropriateness of design approaches an
extensive research and development works were car-
ried out as mentioned hereafter in section 3.

3. Verification by research and development
3.1 Prestressed Concrete Containment Vessel (PCCV)

Upon construction of the Tsuruga Power Station
Unit 2 which is a 1160 MWe class PWR, the Japan
Atomic Power Company (JAPC) decided to employ
PCCV based on the comparison of four différent type
of containment vessel; ordinary steel spherical vessel,
high tensile steel cylindrical vessel with ice-condenser,
RCCV and PCCV. The reason for sclecting PCCV was
that POCV has been widely used in the USA and
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Table 5
Development of POCV in Japan
1968 | 69| 70{ 71| 72| 13| 78| 75| 76| 17 '16. '79|'80]*81] 62| +83| 84] 85| 86| 87
Isprovelent and Standardization Program
Government Phase 1
{MITI) Phase 1 (— Phase B
- Dratt issued

MITI Technleal Standard

Enactment

?;vlsim

Private Sectors
Electric Power

MITI

Verification Tests :
C

Central Research Institute of Electrie
Pover Industry Mitsubishi Heavy Industry,
Sunitomo Material, Shimirzu, Obayashi,
Talsel, Kajima, Fujita, Maeda

[
Kansai Electric Power Co. [
Japan

1/5 Large Scale Model Test

1 i
J1/8 Model Test (Shear Test):

Atonfc Power Co,

Coapaniles & Verification Tests
Harufacturers (Pressure Test) Hode)l Tests
Large Tendon Tests] :
Material Tests
© Jhecision to Adopt PCCV Operati fﬁ%’%
H ratlon -
Japan Atcalc for TSURUGA Unit 2 | TSURUGA Untc 2 Y
Power Company
Table 6

Experimental studics for the developmeat of POCV

Item Qutline
In-plane * In-plane shear tests of RC plate, RC & PC cylindrical wodel and PC
Shear cylindrical model with dome, thus evaluating ultimate in-plane
shear strength.
Qut-of-plane |* Push-off tests of RC blocks, thus finvestigating shear transfer
Shear mechanism and evaluating shear strength.
¢+ Internal pressure tests of RC cylindrical wall, thus evaluating
MITI ultimate out-of-plane shear strength of base of cylindrical wall
;::g“““" based on resistance of circunferential rebar reinforcement.
-| Thermal * Thermal stress tests of RC besms, thus studing reduction ratfo of
Stress thersmal stress of BC beam.
¢ Internal pressure « thermal load tests of base of cylindrical
wall, thus confirming that ultimate shear strength of the base is
] not affected by thermal stress.
Large Friction ¢ Stressing tests of 1000 ton class tendons by full scale partial
Capacit: Loss, ete. model, thus investigating friction loss coefficients and
Tendon Teats oonstructability, .
Materfial Concrete * Concrete properties test on actual concrete for Tsuruga 2, thus
Tests Properties investigating suitable concrete wmixture, creep properties and
thermal properties of concrets.

[—y
J—
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Europe and it has some advantages over the others in
terms of seismic resistance capability [9).

Although over 100 PCCV’s have been completed or
are under construction in the world, a number of
verification studies have been conducted in Japan in
addition to the establishment of standard because
PCCV is the first large structure of its kind in Japan.
These studies include optimization of structure (shape
of dome, buttress, tendon capacity, bonding, etc.), con-
ceptual design and numerous verification tests. Indi-
cated in table 5 is the schedule of FOCV development
activitics.

The Ministry of international Trade and Industry
(MITI) organized a committee in 1975 for the estab-
lishment of technical standard of concrete containment
vessel for nuclear power plants, which looked into the
relevant standards in Japan as well as the ASME code

Table 7
Major parameters of PCCV

and others. When the first draft of the standard was

prepared in 1977, the following two comments were

made by the committee, :

(1) Lack of studies both in Japan and overseas regard-
ing the in-plane and out-of-plane shear stress when
the containment vessel is subjected to a combined
stress of membrane force resulting from internal
pressure and shear force.

2) Necessity for studying the method of evaluating
stiffness in estimating thermal stress,

On the basis of this review, the decision was made to

perform verification tests as part of the MITI LWR

standardization activities to confirm the requirements
for evaluation of out-of-planc and in-plane shear stress
and thermal stress [10]. In addition electric utilitics
with assistance from industries carried out various veri-
fication tests using models subjected to loads such as

Plant Name Tsuruga Unit 2 Ohi Unit 3&4 Genkaf Unit 3&%
Shape of CCV Cylindrical Shell with Spherlical Dome
.§ Cylinder, Thickness of wall 1.3a
" Height(Internal) 3.0 m
- Diameter 43.0a ;
Z | pome, Tickness f.im
3 Height (Internal) 2.6 m
Radius{Internal) 215 m
- Design Pressure 4.0 Wﬂz
_E:E Test Pressure 4.6 k;lalz
as
25| pestgn Temperature 148 *C
Specified Design Strength 1-
3 | of Concrete Foall20 kg/ca? Fe=N50 kg/cw? Fesli20 kg/cn?
=
E Reinforcing Bar ‘ Spdo, D51
2 [ Liner 6.4 nm
Anchorage Unbonded type (Grouting with grease)
Tendon Unbonded type
§ Buttress 3 - Buttress 2 - Buttress ontt & 2RukERes
Dy
[ ]
o Cylinder : Hoop, Dome : 3 Hays reversing U,
% | Tendon Layout ) Hoop {(partially)
Tendon Composition 163uires of Tam [55 strands of 12.5em| 163 wires of Tum
Tendon Capacity - 1,000 tons elass ’
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internal pressure, temperature and horizontal foree,
and experimental studies on large capacity tendons
(sec tabic 6) (11,12).

In light of the outcome of the above-mentioned
studies, “MITI Technical Standard (Tentative)'’ was.
established in 1979 which was then revised in 1981 [13].

Construction permit has been issued to the Tsuruga

Unit 2, Ohi Unit 3&4 and Genkai Unit 3 after submit-
ting the PCCV Technical Guideline which was pre-
pared for cach plant-by-plant basis in accordance with
the Technical Standard.

Major parameters of the POCV’s are given in table
7. It is obvious from this table that they are identical in
terms of dimension and design requirements except for
minor differences in construction material and pre-
stressing system.

In-Service Inspection (ISI) has been conducted for
the Tsuruga Unit 2 one and three year after the start
of operation, and its structural integrity has been con-
firmed by checking prestressing force of tendon, an-
chorage, grease, concrete, ctc.

3.2 Reinforced Concrete Containment Vessel (RCCV)

A feasibility study has been undertaken in 1978 by
the world’s five BWR manufactures (GE, Toshiba,
Hitachi, ASEATOM, ANSALDO) aiming at develop-
ing an advanced version of the BWR (ABWR) on thg,
basis of technologies of conventional BWRs, Since that
time numerous studies have been conducted, ie. 3rd
Phase LWR Improvement and Standardization by the
MITI, Conceptual Design by the Tokyo Electric Power
Company (TEPCQ) and Industries, Structural Evalua-
tion and Verification Tests for Establishment of Stan-
dard by the Electric Utilities/ Industries Joint Study,
Consequently ABWR has been successfully developed
and adopted for TEPCO’s Kashiwazaki-Kariwa Unit 6
and 7, which arc deemed to be equivalent to the
MITT’s 3rd phase standard LWR. Listed below are the
main features of ABWR [14).

(1) Adoption of an intemnal pump for reactor coolant
recirculation, thereby eliminating the outer pump.
(2) Adoption of a reinforced concrete containment

Table 8
Development of ABWR
~1977 [18[ 1920 o1 [se] 63| ou | w5 | 8 {61 68| 65 {0 91|52 93] on] 55 96 [ 57 s8] 99 2000
Improvement and Standardization Program
Government 11— 1 ...y
Phase 1
{ K11 ) . Phase N HITI Motice ¥90.10.22 Notice Enactment
L. -] L
i I
¥ 191
Tokyo EL i
ectric Feasd | ] Safety Examination
LA3l=
Pouer Company viity | , [hasic Design & T Commercial
{Tepco ) & 5:::’ ﬁcb m"“‘e" of k=6 ] operation '96.7
Manufacturers ABHR ]tepco,GE,Toshiba,Hitacht
GE, Toshiba, Hitachl, ve clal
ASEA-ATOM, AMN -1 | operation
'97.7
Electric Power
c fes & Joint Study (Test & Devel_.opnenc)
arfacturers Six BWR Utilities,GE,Toshiba,Hitachi
E~6 : Eashivazaki-Fariva Mo.6
k-7 :  Kashivazak{-Kariva ¥o.T

T
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vessel which is structurally combined with the reac-
tor building.

(3} Adoption of improved control rod drive mecha-
nism.

(4) Adoption of improved reactor core.

(5) Scaling up of plant output by the use of high-ef-
ficiency turbine, etc.

As part of the end-product of .this development, a

cylindrical RCCV was developed as listed in the above

(2) which is integrated with the building to make a

single combined structure- having the following advan-

tages: )

(1) Freedom in shape, which leads to a reasonable
shape meeting the equipment and piping layout

.. requirements.

(2) Ideal hybrid .structure with steel liner functioning
as leak-proof membrane and concrete as pressure
sustaining structure, shielding and seismic wall of
reactor building. .

(3) Smaller size of RCCV and lower gravity center,

. thus enhancing seismic resistance capability.

(4) Shortening of construction period.

Table 8 shows the schedule of RCCV development
activities [14]. Since RCCV is the first structure of its
kind newly adopted in Japan, a trial design was per-
formed in accordance with the above-mentioned Tech-
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nical Standard in addition to a series of verification
tests as the joint effort of BWR utilities aiming at the
structural evaluation and establishment of the rein-
forced concrete containment vessel. From the struc-
tural viewpoint, thcre were three outstanding aspects
to be investigated as follows:

= The RCCV structure is under a complex combined

stress condition resulting from a tensile membrane
stress by internal pressure and stresses by other
loads.

— The ROCYV top slab is stiffened by pool girders.

— The RCOCV is combined with the building through

building slabs.
Accordingly the following experimental studies were
conducted.

(1) Basic design data has been accumulated on the
shear strength under an axial tensile state by exper-
imental means using beam and disc models. The
results thus obtained were reflected upon the MITI
Notice 452 along with the knowledge derived from
the previous shear tests.

(2) A partial model of top slab was tested to faifure by
internal pressure, thereby confirming the ample
margin for ultimate strength (maximum pressure at
failure was four times the design pressure.)

(3) An entire scale model of the RCCV /building slab

(D) Torsionat Loading
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@ Experiments en Cy-

Experimenis on

HZ) Experiment of (D) Experiment of Total

L/12

Beam Element ""::" with Top Slab Model ia Large Scale
45 R e . — 1 * L specimen
@@ specimens i —i— Specimen Internal
Nembrane 4 specimens E tnternal pressure|
7] /] Bending " In-plane pressure Thermal load
Shear shear

{710 Thermal load] |1/6  Horizoatal force

!

!
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t
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Fig. 4. Flow chart of experimeantal study for ROCV structure.
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Plan of ABWR Plant
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Fig. 5. Outline of ABWR /RCCV structure.

-combined structure was tested by loading internal
pressure, teaperature and horizontal seismic force,
and compared with the analysis results to confirm
the validity of design method, and then the modcl
was tested to failure by horizontal force, thercby
assuring the ample margin for ultimate strength.
Figure 4 is a flow chart showing the entire experi-
mental rescarch work, which consists of basic study,
verification studies by partial structural element mod-
¢ls and an entire scaled model.

The structural integrity under design loading condi-
tions as well as the ultimate strength and its miargin
were confirmed. The outcome of these studies was
already presented in the 10th SMiRT Conference [15).

Figure 5 and table 9 show an outline of the struc-
ture and major design parameters of RCCV’s for K6/7.
K6/7 is presently in the preparatory stage for con-
struction, and an effort is under way to study construc-
tion method and sequence, In-Service Imspection of
RCCV structure, etc.

Table 9 '
Major parameters of RCCV
PFlant Name Fashivazaki-Xariva Uait Mo.6 & 7
-Shape of CCY Hybrid Cylinder and Top Slab with Steel Liner and Reactor Building
Thickness of Cylinder 2.0m
Height of Cylinder (Internal) 29.5m
18 foner Dismeter 29.0m
Thickness of Top Slab 22m~24n
Total Height about 36 m (To Drywell Head)

Start of Operation (Scheduled)

Unit 6 June, 1996 , Unit 7 July, 1997

Cri-

Design |Oesign Pressure 3.16 kgt/em?
tects | Test Pressure 3.56 kgt/ed
Deaign Temperature 171 *C

Concrete Specified Desigm Strength Fox330kgl/on®
Nt {Ralnforcing Bar SON0-DA1 and larger , 5035-D38 and smaller
Liner Plate 6.8

e
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Fuel Ghrdar
|- Top Sleb
loiaptwagm Floor Slab
Stiffness of
Exterior Wall yhndrical Wall
L
Liner
RPV Pedextal
4
Yq/ 1
X Stiffness of MW Shab “NASTRAN™

Total Number of Nodes  : 1953
Total Humber of Elements: 2170

Fig. 6. 3-Dimensional FEM model of RCCV for structural
design.

Since RCCYV is a complicated structure surrounded
and connected with structural elements of the building,
and in addition it must be designed to various loading
conditions, its structural analysis is carried out for final
confirmative purpose by using a 3-dimensional FEM
model as shown in fig. 6 [15).

4. Design
4.1. General

As was previously mentioned, each PCCV was de-
signed and approved by the technical guideline pre-
pared on a plant-by-plant basis in acoordance with the
MITI Technical Standard for Concrete Containment
Vessel (revised in 1981) {13]. However, in view of the

Table 10
Outline of MITI Notification No.452

anticipation for the continued adoption of concrete

containment vessels in the future, MITI established a

committec and issued the ‘Technical Standard for

Concrete Containment Vessels for Nuclear Power

Plants' as MITI Notice 452 (hereafier referred to as

“Standard™) in 1990 [7].

The basic principles of the Standard are as follows:

{1) Reference was made mainly to the relevant stan-
dards in Japan as well as the intent of existing
equivalent foreign standards such as the ASME
Sec. III Div. 2. Furthermore experiences gained
from the design, construction and operation of
previous concrete containment vessels were well
reflected upon the Standard.

{2) Load combinations are classified into four Load
Categories I-IV, which in principle correspond to
those of the ASME Sec. III Div. 2.

(3) Requirements for seismic design are stipulated.

(4) Consideration is given that regulations for stecl
portion are consistent with those of the MITI No-
tice 501 (Technical Standard for Structural Design
of Mechanical Components of Nuclear Power Fa-
cilities).

The Standard applies to concrete portion, steel liner

plate, liner anchor, penetration sleeve, penetration an-

chor, attachment to liner plate, and so on. Those
portions consisting of steel only are subject to regula-
tions stipulated in the MIT] Notice 501. The Standard
is composed of four chapters which are outlined in
table 10.

4.2, Load categories, loads and load combinations

Load combinations are classified into four cate-
gorics “Load Categories I-IV” depending upon the

Chapter Contents
1
Introduation « Scope and Definition of Terms
2
Concrete * Materials (Concrete, Reinforcing Bars, Prestressing Tendons, etc.} and Design

Criteria {Loads, Specilied Des
« Design for Concrete Structures (Cylinder, Top Slab, Base Mat and Penetrations)
e Other Details of Design (Minimum Reinforcement, Layout of Re-bars and
Prestressing Tendons, Anchorage, Splicing, Covering, Spacing, ete.

Strength and Design Allowables)

3
Liner FPlate, Liner Anchor|e Steel Material and Design Criteria (Loads, Load Combinations, Design Allowables
ete, of Liner Plates, Liner Anchors etc.

laueldehr l;:rts and Shell]e Material and Design Criteria.
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frequency and simultancous occurrence of loading, and
cach structural element is designed in accordance to
the requirements to each Load Category.

Load Category I is defined as normal operating
condition, while Load Category II as safety rclicf valve
operating condition, test condition and snow load con-
dition, and basically under these I and II conditions
the plant is required to maintain its function for the
‘long-term operation.

Load Category III is defined as abnormal condition
other than I and I such as accidental and seismic
loading conditions. Under these shortterm loading con-
ditions, the plant is basically required to remain below
elastic limits. Load Category IV is defined as extreme
condition postulated in safety design where the plant is
required to maintain its safety function.

.Loads and load combinations for the four Load
Categories arc indicated in table 11. It must be men-
tioned that the test pressure is defined as 1.125 times
the maxdmum design pressure as in the case of the

Table 11
Load Catcgories and Load Combinations

15

steel containment vessel. As can be seen from table 11,
altogether 14 loads and 15 load combinations are cons
sidered in concrete containment design. e

4.3, Allowable Limits

4.3.1, Concrete

Allowable limits for concrete are grouped into two
categories; limits for membrane force and bending
moment, and shear force:

— Allowable limits for membrdne force and bending
moment - Allowable stress limits for concrete are
defined to Load Category I, II and IIT as shown in
tables 12 and 13. Regarding the allowable compressive
stress limits for concrete, two stress conditions arc
defined, i.e. stress condition 1 which does not include
thermal stress and stress condition 2 which includes all
stresses. Allowable limits for stress condition 2 are
increased compared with those for stress condition 1
by some factors. The ultimate strength is set as an

-

w [} -
- e 3 = A h-]
E‘ Load ‘g’ 313 15 . o 3 5 -
" [} W ala O - n V| -l L
S =t Lo &5 w Eleg ug al o - w | 21 Equivalent of
a 3] 3] a|8LREENERES1E ] 5| Bl E] B | E]| avesecn
3 : HETHE et H i FHEHEI R R Y
3| st conttion HEHH I E R E I EE
Sl S| &2E2fElS lAm[SEl S a1atl al =18
| JHormal cperating 1.0{1.0]1.0]1.0}1.0]1.0 Normal
Salety relief value operating 11.011.06}1.0]1.0{1.0}%.0
I [Testing ) 1.011.0] 1.0 1.0 | Teat
1.0)1.011.0]1.0{1.0]1.0 1.0 Norsal
[storm 1.0]1.0{1.0]1.¢]1.0]1.0 1.0
Severe
u |51 reiomic 1.0]i.0]1.0]1.¢]1.0]1.0 1.0
L{1)-aceident 1.0{1.0]1.0 1.0 {1.0{1.0 Abnormal
L{2)-accident + Sy 1.0]1.0]1.0 1.0 |1,0]1.0 1.0 Abnormal/Severe
52 seisaic .o0]r.0]1.0]1.¢]1.0 1.0 Extreme
L{3}-accident 1.0]1.0]1.0 1.5" | 1.0 Abnorsal
§ |d-acetdent 1.0{1.0]1.0 1.0 Abnormal/Extreme
L{%)-accldent + 8 1,0[1.0]1.0 1.0 J1.0 1.0
L{5)-acoldent + Soow 1.0]1.0]1.0 1.25'11.0 §.96% Abnormal/Severs
IL{5)-accident + Storm 1.0]1.0]1.0 1.25°1 1.0 125"

Nete ¢ (1)

When used for Liner plate and liner anchor, all the values with “s* may be taken equal to 1.0 because they

are not required to possess pressure-resisting function

{2}
)
)
{5}
(6}

m

is combined with 5%
taken into account

and piping loads are tzken into account

Safety relief valug vpecating condition in Load Category I is applicable to BUR only
L({1)-acoldent condition in Load Category K includes peak loads immediately after LOCA
L{2}-accident condition in Load Category N is long-sustaining loading condition 10-1 year after LOCA which
L{3)-accident eondition fa Load Category M is LOCA loading tondition shece 1.5 times the design pressurs is
L{})-accident condition in Load Category N 13 LOCA loading condition combined with Si where the maxisum

preasure
L{5}-accident condition in Load Category N is LOCA loading vondition combined with snow and storm where 1,25

time¢s the saximum pressure and piping loads are taken into acoount

B e il
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Table 12
Allowable stress (1. Compressive stress of concrete)

' *  Allowable Compressive Stress
Load Category
. Stress Condition 1 | Streas Condition 2
1&¢1 Fc /73 9Fc 7 20
L 2Fe / 3 3Fc /A

fote : Fc 1s Specified design strength.of concrete (kgt/ent)

Table 13
Allowable stress (2. Shear stress of concrete)

Load Category Allowable Shear Stress
Fe Fe
It Lesser of — and 5 +
30 100
| § The above X 1.5

Note :Fe is Specified design strength of concrete{kgf/ca®)

allowable limit for the combination of membrane force
and bending moment for Load Category IV, and the
strain limits of concrete and rebar in estimating the
above ultimate strength are determined to be the val-
ues indicated in table 14. Additionally it is stipulated
that the allowable limit for the compressive stress of
concrete under Load Category IV be below 2/3 of the
specified design strength.

— Allowable limit for shear force for shell portion —
With regard to the allowable limits for in-plane shear
force and out-of-plane shear force, and the limit for
out-of plane shear force acting on the bottom of the
cylinder which is induced by axi-symmetric foading, the
ultimate shear strength derived from the test results is
used as the basis for an allowable limit for Load
Category IV. The allowable limit for Load Category I

Table 14
Suamhmitshrwnaetemdminfotdngbarinlmdcutc-
gy IV

Haterial Value of Limit Strain
Concrete compreasive T 0.003
Reinforoing bar |tersile and compressive 3 0.005

The maximum compressive stress of concrete must be less
ARty s
ansile occupressive stress of reinfore st
hlmmmnmnahwn%ql.

and II is defined as 1/2 of the ultimate shear strength
used for Load Category IV, while the limit for Load
Category III is defined as 3 /4 of the same, .

The following is the equation used for estimating
the ultimate strength.

(i} In-plane shear strength

On the basis of horizontal loading test results using
reinforced and prestressed concrete cylindrical models,
the in-plane shear strength is determined from the
strength obtained from the assumption of only steel
being effective as restraining force and the upper limijt
of concrete strength as follows;

ru=H(2uSy + Tos = T0g) + (Puly + 00— 03,) ).
and 1y 535/F,,

where
Ty : ultimate tangential shear stress,
Py P : reinforcement ratios in meridional ($) and

circumferential (8) directions respectively,

Tp4» Tos: Membrane stresses in ¢ and & directions
respectively which are induced by an exter-
nal force except for a prestressed force (these
values become positive for tensile stress and
0 for compressive stress),

To4r Ope: cffective prestressed stresses in ¢ and @
directions, respectively,

1 : specified yield strength of bars,
F, : specified design strength of concrete.
(ii) Out-of-planc shear strength

For the out-of-plane shear strength, 2 new equation
is used which is proposed based on the test results such
as push-off tests, shear tests for columns and beams
and reinforced concrete containment vessel, where
consideration is given to the coefficient of reduction
due to shear span ratio.

1x=B{0.1( p.f, ~ 00) +05p.f,+0.75/F.}, and

™® 3 35{"7::’

where

rg : ultimate out-of-planc shear stress,

p, : ratio of reinforcement to total cross section,

@y : membranc stress caused by external forces (this
value becomes positive for tensile stress),

P, : ratio of out-of-plane shear reinforcement,
Coefficxent of reduction by M/Qd,d =
I/JM/( , 058P 3gl, where
M: manmum bending moment of cross section,
£ : maximum shear force of cross section,

d : cflective cross section.
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Table 15
Straln allowables for liner plate

17

Table 17
Displacement allowables for lincar anchor

Design Allowable Load
c‘t::g" m"’é{::ﬁ:m of u:,“r:::‘. Category Displacement Allowables
. Compressive strain 0.002 0,004 red $230.25 Su
1:2 Tensile straln 0.002 0.004 EL N $2:0.5 &u
- Compressive strain 0.005 0.014 Note : 5:1::: ::;pau::et:; ol:eéﬁr t;:ﬁ ’;t.o{racbure.
Tensile strain 0.003 0.010 -

theoretical or experimental results.

(iif} Out-of-plane shear strength at bottom of sheil

The following equation based on the yielding of
re-bars in circumferential direction is used for estimat-
ing the ultimate out-of-plane shear strength at the
bottom portion of the shell connected with the founda-
tion when it is subjected to axi-symmetric loading.

= 10p,f,/(132y8 -8 ),

where

TH : ultimate out-of-plane shear stress,

Pu + reinforcement ratio in & direction,

5y ; specified yield strength of reinforcing bar,
B=r/t r: radius to center of wall,

¢ : thickness of containment.

4.3.2 Liner plate and lg,uer anchor

Liner plate — Allowable limits for the strain induced
in the liner plate by constraint or forced deformation
are indicated in table 15. The provisions for class 2
support structure in the MITI Notice 501 are to be
followed when liner plate is subjected to external foad
(mechanical load) and is thought to function as support
structure transmitting this load to concrete, agid when
liner plate is not supported by concrete (in case the
liner is subjected to negative pressure) and is thought

Table 16
Allowables for iner anchor
Load
c . To Hechanical loads
141 Lesser of Fa:0.67 Fy and Fas0.33 Fu
(¥ 4 Lesser of Fax0.9 Fy and Fa=0.5 Fu

Hote : Fy ls yield strength of liner wnchor,
Fu is ultimate strength of liner anchor.
and Fu may be datermined on the basis of
tical or eaxperimental results.

to function as structural element, the provisions for
class 2 vessel in the MITI Notice 501 are to be fol-
towed.

Liner anchor — Table 16 shows the allowable load
limits of the liner anchor when subjected to mechanical
loads. Indicated in table 17 are the allowable deforma-
tion limits for liner anchor which are induced in liner
anchor by forced strain of liner plate. When the liner
anchor thought to act as support structure, it is stipu-

lated that the provisions in the MITI Notice 501 are to
be followed.

5. Conclusions

Owing to the above-mentioned extensive verifica-
tion studies and actual design and construction experi-
ences, CCV's are proved to function satisfactorily as a
sound safety barrier in earthquake-prone countries like
Japan.

The Kashiwazaki-Kariwa Power Station Unit 6 and
7, the ficst ABWR's employing RCCV, are currently
under licensing review and is expected to start its
construction in 1991,

In light of further advancement of technology, an
effort is presently being made by on-going studies to
develop a more advanced method for use in concrete
containment vessels in-the near future, for example, to
upgrade the quality of concrete during construction
and to develop the optimum non-destructive method to
inspect the structural integrity of CCV's during opera-
tion by automatic devices.
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The Advanced Boiling Water Reactor (ABWR) design is based on construction and operating experience of nuclear
power plants in Japan, United States, and Europe. To optimize the plant arrangement of the Advanced Boiling Water
Reactor (ABWR) and to verify the structural feasibility to canry design loads a study was conducted. To arrive at an
optimized plant arrangement with a minimum size reactor building (RB), a circular cylindrical reinforced concrete
containment vessel (ROCV) with a flat top slab and a monolithically connected diaphragm slab has been selected.

The Simplified Boiling Water Reactor (SBWR) is being developed as & standardized 600 MWe Advanced Light Water
Reactor. The design concept of the SBWR is based on simplicity and passive features to enhance safety and reliability,
improve performance and increase economic viability. Due to the use of passive containment cooling, SBWR. has features
that arc different from those of existing designs.

The objectives of the study for the ABWR containment and RB are (o perform a structural analysis of the containment
and RB and to evaluate the structure for conformance to the U.S. NRC requirements. The main objective of the studies for

the SBWR is to demonstrate the structural design feasibility of the containment for the pressure and the temperature
response associated with the passive systems adopted for the SBWR.

1. Introduction

The Advanced Boiling Water Reactor (ABWR) de-
sign is based on construction and operating experience
of nuclear power plants in Japan, United States and
Europe. General Electric and Bechtel performed stud-
fes in 1984 to optimize the plant arrangement of the
ABWR and to verify the structural feasibility to carry
design loads [1,2). A comparison of major plant specifi-
cations for the ABWR with those of the current gener-
ation of Japanese BWR can be found in ref. [3]

_ The Simplified Boiling Water Reactor (SBWR) is

based on simplicity and passive features to enhance
safety and reliability, improve performance and in-
crease economic viability, Use of the pressure suppres-
sion system, gravity-driven cooling system (GDCS) and
passive containment cooling system (PCCS) allows the
climination of safety grade emergency diesel genera-
tors, core cooling pumps and heat removal pumps thus
simplifying plant design and reducing plant costs. Ref-
crence [4] gives a comparison of features for the SBWR

with those for the current conventional BWR and the
ABWR.

The objectives of the study for the ABWR coatain-
ment and RB are to perform a structural analysis of
the containment and RB and to evaluate the structure
for conformance to the U.S. NRC requirements.

The main cbjective of the studies for the SBWR is
to demonstrate the structural design feasibility of the
containment for the pressure and the temperature
response associated with the passive systems adopted
for the SBWR and to demonstrate that a 30-month
construction schedule can be achieved. More detailed
information can be found in ref. [5).

2. Description of the containments and the reactor
buildings

To arrive at an optimized plant arrangement with a
minimum size reactor building, a circular cylindrical
reinforced concrete containment vessel (RCCV) with a

0029-5493 /93 /$06.00 © 1993 — Elscvier Science Publishers B.V. All rights reserved
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flat top stab and a monolithically connected diaphragm
slab has been selected. The flat top slab is integrated
with the fuel pool girders which are framed into the
RB structural walls and floors.

P.F. Gou et al. / Containments design for the A& S BWRs

. 10500 ) 10500 8000 0000 10500

118149700 _H
- e e R T R TR T T O T ot
N N Pl NV N ~L
THS1 38200
_Inst31700 r ]
InS127200 } S e J
st 23500 | W RO ni
j] e’ q - | m— i
THEL18100 g i i
— } L A
TASL1 2300 i 1 - L
TASL12000 [ 0] - E T
T s 1 g“ ﬂ"L:F B| et
Inst, 4800 _ = £ NS
:n- - ‘*_' ‘El I T :=

tnSL-1700

1151 -8200

(2
-
g

Fig. 1. ABWR containment and reactor building.
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The ABWR containment has 29.0 m inside diame-
ter {ID) and is integrated with the reactor building.
The containment and the reactor building are sup-
ported by a common foundation mat. The bottom of
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the foundation mat is embedded in the ground 259 m
{85 ft) below grade. The major containment internal
structures consist of the reactor pedestal, the reactor
shield wall, and the. diaphragm floor. The reactor
pedestal is a composite steel and concrete structure,
the pedestal consists of two concentric steel shells tied
together by vertical steel diaphragms. A reinforced
concrete circular diaphragm floor slab serves as a bar-
rier between the drywell and the wetwell The dia-
phragm floor is supported by the containment wall and
the reactor pedestal. The top of the RPV is supported
by the reactor shield wall by means of RPV stabilizer
truss, .
The RB of the ABWR is a 59 m (193.5 ft) by 56 m
(183.75 ft) reinforced concrete structure. The building
has six reinforced concrete floors which are monolithi-
cally connected to the containment. The operating
floor at elevation 26.7 m (87.6 ft) is mot directly con-
nected to the containment, but is connected to the fucl
pool girders which arc supported by the containment
and the RB. The interior walls and the floor beams are
not connected to the containment structure. The ar-
rangement of the RB and the containment is shown in
fig. 1.

The SBWR plant due to the use of passive contain-

ment cooling, has features that are different from .

those of other existing designs. The Isolation Con-
densers (I.C.'s) and the passive containment cooling
system (PCCS) that removes decay heat by natural
convection and evaporation are in pools which are
located on top of the drywell. To maintain long term
cooling and water coverage of the reactor core, the
suppression pool (SP) is elevated to such a level that
water can flow by gravity from the SP to the reactor
after LOCA.

The SBWR containment has 315 m ID and is
partially integrated with the RB. It consists of the
reactor pressure vessel (RPV) pedestal, SP floor slab,
the cylindrical containment wall and the drywell top
slab. The drywell top slab supports the IC pools and
service pool. The IC pool girders on the drywell top
slab provide strength to resist containment pressure
loads. The top slab has a large opening (D = 9.4 m) in
the middle for the drywell head and four openings
(d=32 m) for the IC's and POCS. The vent wall

; structure and the diaphragm floor slab are steel struc-

tures filled with concrete. The RPV pedestal supports
the reactor vessel, reactor shield wall, vent wall struc-
ture and the suppression pool.

The RB structures for the SBWR consists of the
RCCV and three rectangular “boxes” supported on a
common basemat of 663 m x 66.3 m with intercon-

nected slabs at various clevations as shown in fig. 2.
The structures are primarily of reinforced concrete
construction. The bottom of the foundation mat is
embedded in the ground 23.0 m (76 ft) below grade. In
the present design for SBWR, the RPV pedestal forms
part of the containment pressure boundary. It was
decided to adopt a reinforced concrete pedestal with
liner plate on the inner face acting as a leak tight
boundary. This was judged to be more desirable than a
steel-concrete composite pedestal, based on considera-
tion of applicable design codes, severe accident condi-
tions and construction requirements including modu-
larization. )

3. Design criteria

The containment structures are designed in accor-
dance with the ASME boiler and Pressure Vessel
Code, Section III Div. 2 [6].

The containment temperature and pressure condi-
tions for normal, testing and LOCA conditions consid-
ered in the study are shown in table 1. Pool hydrody-
namic loads and the corresponding containment pres-
sure are also considered. Temperatures greater than
15G°F are postulated to fast a long period of time after
a LOCA or postulated severe accident conditions in
the SBWR. Degradation of material propertics is ex-
pected and, therefore, temperature dependent mate-
rial properties are considered in the analysis and de-
sign.

4, Seismic analysis

. The seismic analyses for the feasibility study of the
SBWR standard plant were performed with lumped
mass model as shown in fig. 3. A range of soils was
considered in terms of shear wave velocity (v). Evalu-

Table 1

Pressure and tempersture loads

Condition  Pressure (psig) Temperature (*F)
Drywell Wetwell Drywell Wetwell

Test (1) 633 633 60 60

Test (2) 633 M6 &0 60

Normal 20 20 135 95

LOCA 550 550 340¢ 20°*

* For SBWR these (eqiperatures may exist for up to 30 days
after LOCA and have been considered in the design.
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ated soils include soft soil with ¢ = 300 m/s, 500 m/s,.

intermediate soil with & = 1000 m/s and hard soil with
v = 1500 m/s and 3000 m/s. Two sets of input motion
were used. One based on & peak horizonta] ground
acceleration of 0.3 2 (SSE) with a response spectrum

-

per US NRC Reg. Guide 1.60. The other based ki
Japanese MITI Standardization program for LWR i

Japan. In addition, a parametric seismic analysis was *
performed for various idealized site conditions as pre- -
sented in ref. [9). T
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S, Analytical models and structural analysis

The containment and the RB are analyzed as one
integrated structure utilizing the finite element com-
puter program STARDYNE. The structures are ideal-
ized as a three-dimensional assemblage of linear elastic
beam and plate clements.

The models include the geometry and the material
propertics of major structural components consisting of
the containment wall, reactor pedestal, reactor shield
wall, reactor vessel, foundation mat, diaphragm floor,
containment top slab, fuel pool girders, and the RB
floors, walls, columns, and roof. The underlying foun-
dation soil was represented by spring clements. The
side soil was not included in the model. The founda-
tion soil was adjusted to include embedment effects.
The lateral soil pressure was considered during the
evaluation of the RB outer walls. The finite clement
representation of the structure for the ABWR is shown
in fig. 4 and for the SBWR in fig. 5. For the ABWR,
because of symmetry, 180° model was used where as
for the SBWR, 360° F.E. model was used.

The structural analysis consisted of four steps:

- the formulation and decomposition of the stiffness
matrix,

- the static analysis for the foad cases,

- the combination of loads, and

~ the stress analysis of rebar and concrete.
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Fig. 4. Finite element model for ABWR containment and
reactor building.

Fig. S. Finite element model for SBWR containment and reactor building.
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The rebar and concrete stress analysis was performed
using Concrete Element Cracking Analysis Program
(CECAP). The clement represents a section of a con-
crete shell or plate, layers of reinforcing steel, and a
liner plate. External forces, as input, consist of mo-
ments in two directions, axial forces in two perpendicu-
lar directions, in plane and transverse shear forces.
The program outputs stresses and strains along the
clement in the concrete, reinforcement,; and the liner
plate. CECAP assumes linear strain relationships for
steel and concrete in compression. Concrete is as-
sumed 10 have no tensile strength. The solution is an
itcrative process, whereby tensile stresses found ini-
tially in concrete are relieved due to concrete cracking
and redistributed in the element, The equilibrium of
non-thermal loads is preserved, For thermal effects,
the clement is assumed free to expand inplane, but is
fixed against rotation. The capacity for expansion and
cracking generally results in a reduction in thermal
forces and moments from the initial condition.

6. Structural assessment and conclusions

Although the design criteria and seismic analysis
discussed in sections 3 and 4 respectively, are for the
SBWR, similar design criteria and scismic analysis
based on a range of soil conditions were used for the
ABWR study. The results of the ABWR study show
that with the present configuration and with RCCV
wall thickness of 2 m, the containment and RB can be
designed as standardized plant or generic site to meet
the ASME Scction III, Division 2, and the NRC re-
quirements.

The reactor building and the containment for both
the ABWR and the SBWR were analyzed by finite
element methods using plate and shell elements. The
concrete cracking effects were evaluated by successive
fterations. The evaluation results demonstrate that the
ROCV wall of 2.0 meter thickness can be adequately
reinforced to resist the loads discussed. The RCCV, as
designed for LOCA conditions, can withstand a severe
accident pressure of at least two times the design
pressure value together with associated temperatures.
Similar conclusions were reached in ref. [7] for a slightly
larger SBWR containment but with somewhat different
configuration. )

The details of analysis and results for the SBWR
top slab are presented in ref. [8]. The results show that
the design is feasible with the specified number of
large openings in the slab.

Similar to the ABWR design, the RCCV of the
SBWR plant is integrated with the RB by RB floor

slabs at various elevations and by the pool girders on
the top. For the evaluation, a finite element model was
prepared, and analysis was performed using the STAR-
DYNE computer code. In a series of iterations the
stiffness of highly stressed elements was reduced to
allow for redistribution of forces due to concrete crack-=
ing. The study results showed that for the present
configuration with integrated RCCV, RB, and pool
girders, the structural design is feasible. Even though
large shear stresses are induced in the pool girders due
to the thermal growth of the RCCV due to LOCA
thermal loads, based on the initial elastic analysis, the
thermal stresses are significantly reduced after ac-
counting for relaxation due to cracking of concrete.

The reactor building for the SBWR has floor slabs
at various heights. Integration of the ROCV with the
RB is advantagecus from secismic design considera-
tions. However, when the design for LOCA pressure
and temperature and construction are considered, inte-
gration of all floor slabs with the RCCV is not desir-
able. To optimize the structural responses it was de-
cided that the two structures be integrated only at:

» Suppression pool bottom floor slab level
« Suppression pool top slab level

e RCCV top slab level

» Operating floor.

It was decided not to integrate the remaining floors
of the RB with the RCCV., A separation gap has been
provided between these slabs and the RCCV wall, with
appropriate detail for the required leak tightness
against flooding, fire, etc. This will prevent contain-
ment pressure and thermal loads from being transmit-
tcd 10 these floor slabs, thus making their design more
economical. Also, in absence of floor integration with
the RCCV, the construction of RCCV can be expe-
dited.

The vent wall structure is made up of two concen-
tric steel cylinders with vertical stiffeners in-between.
There are 8 vent pipes that are equally spaced between
stiffeners. The remaining spaces are filled with con-
crete. This type of construction lends itself well to
modularization and off-site prefabrication. The design
in feasible with 30 mm thick steel plates.

Diaphragm fioor slab is a steel structure consisting
of continuous top and bottom plates with ciccumferen-
tial stiffeners and radial vertical web plates in between.
This lends itself to modular construction and provides
for casy anchorage of GDCS pool steel framing and
the pipe support structure in the drywell,

The evaluation results of SBWR show that the
structural design is feasible for the pressure and tem-
perature responses associated with the passive systems
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adopted for the SBWR in conjunction with seismic
loads derived from various soil conditions to represent
generic site., ;

Study was also performed about constructability of
the RB. The results showed that by using large scale
prefabrication and modularization and based on use of
100G ton crane with rolling 4 X 10's, work week (70
working hours per week), a 30-month construction
schedule from start of structural concrete to the fuel
load is achievable for “n-th of a kind™ plant. Figure 2
shows some of the large structural modules considered
in this study. ’
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Different containment concepts have been proposed for High Temperature Reactors. In the paper the confinement, the
gastight pressurized containment and the vented confincment arc discussed. For a small HTR such as the Modul jt seems to
be possible to provide a veated confincment instead of a gastight containment. The German Reactor Safety Commission has
given a positive statement. Due to the specific safety characteristics of the HTR the safety concepts can differ in part quite

considerably from current LWR standard solutions.

1. Introduction

During the past three different containment con-
cepts have been proposed for High Temperature Reac-
tors. The prototype reactor THTR-300 which was un-
der construction from 1972 to 1985 and is now out of
operation has a confinement. For the HTR 1160 pro-
ject of the mid-1970s a gastight pressurized contain-
ment was considered necessary, while for the recent
plant concepts of medium and small power, the HTR-
500 and the Modul, vented confinements are proposed.
In the paper these different confinement‘and contain-
ment types are discussed., ,f,"

2, Containment requirements

The requirements for containments are specified in
the ‘Safety Criteria for Energy-Producing Plants with
Gas-Cooled High-Temperature Reactors’ [1). Accord-
ing to these criteria, the plant must have a containment

to fulfil its safety-related functions in normal operation )

and during accidents.

In conjunction with the coolant confinement and
other retention barriers for radioactive substances, the
containment must ensure that the requiremeats stipu-
lated by the Atomic Energy Act and the Radiation
Protection Ordinance arc met for the assumed dis-

charge or release of radioactive substances into the

environment in normal operation and during accidents.

The confinement of the reactor coolant must be
accommodated within the containment. Any other plant
parts containing radioactive substances must also be
accommodated within the containment unless the re-
quirements of the Radiation Protection Ordinance are
met by other suitable measures,

The containment including all penctrations, airlocks
and auxiliary equipment, as functionally required for
accident control, must be designed in such a way that it
can withstand static, dynamic and thermal loads in
normal operation and during accidents to the extent
required in order to fulfil its safety-related function.
The containment must maintain its integrity in the case
of external impacts.

The requirement that the containment must main-
tain its integrity in the case of external impacts means:
— The leak tightness and load-bearing capacity of the

containment must be ensured if proof of compliance

with the provisions of the Radiatioa Protection Or-
dinance for accidents can only be furiished under

the tightness condition. ,

— Only the load-bearing capacity of the containment
need be ensured if proof of compliance with the
provisions of the Radiation Protection Ordinance
can also be furnished without the tightness criterion.

. Containments of reinforced and prestressed concrete

must comply with DIN 25 459 [9].

0029-5493 /93 /$06.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved
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3. Containment concepts
3.1. Contfinement of the THTR-300

‘The confinement system of the THTR-300 consists

of the following parts [2,31 (Fig. I):

— the burst-proof rcactor pressure vessel of pre-
stressed concrete in which the primary circuit is
located,

— the so-called vent wall around the pressure vessel,

~ the so-called safety shell composed of the walls
between rooms R, respectively R, and R,,

- the auxiliary systems for retention and filtering of
possible leakages.

The R, rooms contain systems which are in contact

with the primary circuit during operation or accidents.

They are of pressure-resistant design. The maximum

accidental gas leakage, which is limited to 5.5 kg /s, can

be discharged directly into the stack through = scparate
depressurization system. The R, rooms also contain
primary gas conducting systems, Possible gas lcakages

(max. < 1.83 kg/s) are controlled and discharged into

the stack by the normal exhaust air system. The R,

rooms do not contain any systems which are in direct

contact with the primary system, All systems connected
with systems in R, and R, rooms can be isolated.
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Fig. 1. Confinement of the THTR-300.

Activity release in R; rooms is suppressed by struc-
tural design measures. In addition, a partition is pro-
vided in two afterhcat removal systems.

3.2, Reactor protection building as a gastight pressurized
containment of the HTR-1160

The basic design of the planned large HTR-1160
plant includes a containment similar to those usually
provided in LWRs, i.c. & gastight pressurized contain-
ment [4]. The reactor protection building differs from
the reactor hall of the 300 MWe THTR nuclear power
station with zespect to the building requirements and
type of construction. It serves both as the primary
system containment and the surrounding building. This
purpose defines the functions and the safety-related
significance of the reactor protection building, i.e. to
withstand all internal loads arising from the plant and
all external loads including, in particular, also aircraft
crash, chemical explosions and earthquake.

The THTR containment function was basically as-
signed to the reactor pressure vessel of prestressed
concrete without depressurization system and with a
gastight liner. For this reason, great significance was
attached to the proof of liner integrity in the design
philosophy for the THTR prestressed concrete reactor
pressure vessel.

The HTR reactor protection building differs from

previous light-water reactor containments (with the
exception of Grundremmingen 2 featuring a pre-
stressed concrete containment) in that there is no
annufar gap between the containment and the sur-
rounding reactor building. The concrete structure of
the building must therefore accommodate both the
external loads and the internal pressure in the event of
a loss-of-coolant accident, whercas the liner must en-
sure the tightness of the building. The tightness of the
reactor protection building was specified with a leak
rate of 0.3% /d under accident conditions at 385°C and
4.05 bar. :
. The reactor protection building essentially consists
of a cylindrical shell which is placed on a circular
foundation slab and covered by a hemi-ellipsoidal dome
(fig. 2). The inner surface of the concrete structure is
scaled from the atmosphere in the reactor protection
building by a liner — a steel lining fitted directly to the
concrete and anchored therein. The penctrations
through the concrete structure are designed as gastight
pipe penetrations.

The cylindrical part of the reactor protection build-
ing is prestressed in the circumferential and vertical
directions. The horizontal tendons are anchored on 3
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butresses (120° pitch) on the cylinder outer wall. The
vertical tendons are anchored in an annular support at
the upper end of the cylinder and, at the bottom, in the
outer prestressed gallery of the foundation slab. The
tendons of the dome are anchored in the ring girder at
the upper ead of the cylinder. Due to the double
function of the reactor buiiding as both the safety
cvontainment and the surrounding building, it has to
meet the requirement according to [1] criteria 2.6 and
8.1, that any rclease of radioactive substances must be

™0

b

9

prevented even after external impacts, in particular

aircraft crash.

There are two possibilities of complying with this
requirement which is decisive for the concept:

— furnishing proof that the reactor proctection build-
ing is still sufficiently tight after an external impact,.

especially after an aircraft crash, or

- furnishing proof that no loss-of-coolant accident oc-
curs due to external impacts if the leak-tightness
cannot maintained after external events,
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Fig. 2. Reactor protection buildiog of the HTR-1160.
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Fig. 3. Confincment of the HTR-Modul.

3.3.-Vented confinement of the HTR-Modul and HIR-500

The HTR-Modul concept does not provide for a gas
tight containment. It is based on the fact that the
reliable confinement of radioactive fission products in
the fuel clement is ensured to such an extent that

- environmental exposure remains below the permissible
limits in all accidents [5,6)..

The reactor protection building without liner has a
double function in that it protects the reactor against
external impacts and ensures controlled activity release
of primary circuit leakages into the environment (fig.
3). This means that the design does not aim at com-
pletely confining the activity over long periods of time,
as generally practiced, but major leakages (ranging
from 0.5 to 11.5 kg of helium /s) are discharged through
the depressurization system and minor leakages
through the exhaust air system with filters into the
stack and the environment.

The primary rooms are connected by openings in
order to achieve pressure equalization as rapidly as
possible. After having reached the equalization pres-
sure of 1 bar, the pressure relief flaps close automati-
cally and dircctional ventilation is established again in
the building. The relicf ducts are additionally provided
with a remotely closing flap each.

Ventilation of the rooms in the reactor building is
designed for the selective release of radioactive fission
products. Primary circuit leakages up to a leak size of 2
m? can be accommodated and filtered by-the ventila-
tion system.

The German Reactor Safety Commission has evalu-
ated the proposal and does not have any safety-related
objections to the concept of activity confinement. “The
concept is suited to ensure that the regulations of the
Radiation Protection Ordinance for normal operation
and design basis accidents are complied with.’

In the United States also the concept of 2 Modular
High-Temperature Gas-Cooled Reactor (MHTGR) is
pursued. The reactor building of this design does not
provide a leaktight, pressurized containment, but con-
trolled venting instead. In NUREG-1338 [8] the NRC
explains;

‘The staff recognizes that a design without a conven-
tional containment building presents a significant de-
parturc from past practicc on LWRs and that under
certain situations LWR containment buildings have
been effective components of the defense-in-depth ap-
proach. Therefore, designs that deviate from such
practice need to be reviewed to ensure that an equiva-
fent level of safety as that of current-generation LWRs
is maintained and that uncertaintics in design and
performance are properly accounted for, The staff
believes that such designs are possible, although the
ultimate acceptance of such designs will require exten-
sive review, testing, and demonstration. Accordingly,
the staff proposes criteria to be met in order to certify
a reactor design without a containment building with
the understanding that in reviewing a design against

_these criteria, 2 large burden will rest with the appli-

cant to demonstrate compliance, particularly in view of

the uncertainties associated with a new design,

The following are proposed criteria that advanced-
reactor designers must meet for NRC certification of a
design without a containment building:

(1) The design should contain multiple barriers to ra-
diation release that limit radiation release at least
equivalent to that of current-generation LWRs.

(2) The fission-product-retention capability of the de-
sign must be demonstrated via a testing program
utilizing a full-size prototype plant consisting of at
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least one reactor module and the associated sys-
tems, structures, and componcnts necessary to
demonstrate safety. .

{3) Different emphasis and types of QA, surveillance,
in-service inspection, and inservice testing over and
above that traditionally employed on LWRs should
be provided.

{4) Protection of safety-related systems, structures, and
components from sabotage and external events
should be provided that is at least equivalent to
that for current-generation LWRs.

(5) The design should have specific measures to ensure
that core heat up accidents, accidents with signifi-
cant positive reactivity feedback, or other accidents
with the potential of a large radiation release, such
as graphite fires, have lower frequencies than 10~7
per plant-year,

(6) An assessment of the potential improvement in
safety if a containment building were added would
have to be made. Judgment would then be used to
determine the need for a containment bulldmg
based on the cost and change in risk.

These criteria are intended to maintain at least the

same level of protection of the public and environ-

ment, by specifying equivaient dose guidelines and
protection, as is provided by current-generation LWRs.

4, Conclusion

For High Temperature Reactors of small power
such as the Modul it seems to be possible to provide
vented confinements instead of the gastight pressui-

ized containments of the current gencration LWRs.
The*German Reactor Safety Commission has given a
positive statement. The final determination of the ac-
ceptability by the NRC is contingent on evaluation of
additional information. Due to the specific safety char-
acteristics of the High Temperature Reactor the safety
concepts can differ in part quite considerably from
current LWR standard solutions.
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An integral arrangement is adopted for the Low Temperature District Nuclkear-Heating Reactor. The primary heat
exchangers, controt rod drives and spent fuel elements are put in the reactor pressure vessel together with the reactor core.
The primary coolant flows ic natural circulation through the reactor core and the primary heat exchangers. The primary
conla gt nines nenefrating the wali of the reactor pressure vessel are all of small diameters. The reactor vessel constitutes the
of the reactor vessel can be used for the reactor. Design principles and functions of the containment are the same as for the
containment of a PWR. But the adoption of 2 small sized containment brings about some benefits such as a short period of
manufacturing, relatively low cost, and ease for sealing. A loss of primary coolant accident would not be happened during a
rupture accident of the primary coolant pressure boundary inside the containment owing to its intrinsic safety.

1. Introduction

The 200 MW Low Temperature District Nuclear-
Heating Reactor (LTHR-200) is used for district heat-
ing in cities. An intcgral arrangement is adopted for
the components of its primary circuit system. Reactor
core, primary heat exchangers, control rod drives and
spent fuel elements are all put in the reactor pressure
vessel. The control rods are driven by a hydraulic
cylinder. The primary coolant goes through the reactor
core, the primary heat exchangers and then returns to
the reactor core in natural circulation. It is not neces-
- -sary to have primary pumps, pipings and pressurizer
among the primary system components. The reactor
pressurc vessel forms the main part of the primary
coolant pressure boundary of LTHR-200. Figure 1
shows the arrangement of LTHR-200.

Primary coolant pipes penetrating the wall of the
containment, for example, water pipes for control rod
. driving, water pipes of the primary coolant purification
system, pipes of pressure relief, etc. are all of small
diameters. The maximum diameter of these contain-

ment penctrations is 100 mm. Two isolation volves on -

cach penentration for primary coolant are scparately
put inside and outside the containment wall. In addi-
tion to the reactor vessel, only composite electromag-
netic valves of control rod driving systems, small pipes,

isolation valves and some other small things like cable
plugs etc. are inside the containment. In this case the
normal huge containments used for PWR and BWR
arc not suitable and a small sized metallic containment
with a full sized closure head can be used for LTHR-
200.

The containment is supported inside the biologic
shielding. The Teactor vessel is supported on the con-
tainment wall. The composite clectromagnetic valves
and alf other internals of the containment are arranged
in the upper part inside the containment.

Thermal insulations are attached to the lower wall
of the containment and to the upper wall of the reactor
vessel The arrangement of thermal insulations is
showed in fig. 1. In normal operating condition the
temperature is not higher than 130°C in the upper

- space inside the containment, and the temperature is

about 100°C in the upper part of the containment wall.
Under -these temperatures the electrical instaliations
and sealing parts are working normally. .

There is a narrow gap between the concrete wall of
biologic shiclding and the thermal insulation of the
containment. Air comes through the lower ventilating
holes into the reactor cavity inside the biologic shield-
ing concrete wall, then goes up sround the contain-_
ment and out of the biologic shiclding from the upper
ventilating holes by natural convection. Most of the

0029-5493 /93 /$06.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved
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heat from the containment is removed by the air. The
temperatures in the biologic shielding concretc are
kept below 70°C. ’

2. Considerations l.bout a small sized metallic contain-
ment

On account of the integral arrangement and excel-
lent safety property of LTHR-200, the adoption of a
small sized metallic containment is suitable. That brings
about some benefits. The construction pegiod will be
shorter, overall cost will be lower and the safety prop-
erties will be better than by using a big containment.
Compared with a big containment, at least some points
as follows could be considered.

2.1. Low cost and short manufacturing period

A big containment used for a PWR or a BWR is
manufactured and fabricated on the construction site.
But 2 small metallic containment can be made in a
factory. That would directly lead 10 the resuits includ-
‘ing easy manufacturing, good quality, low cost and
short manufacturing period.

2.2. Expected low leakage rate

It is different from the containment for a PWR. that
the zir locks are not necessary for the LTHR-200
containment. Joints between penetrations and contain-
ment wall are reliably sealed. It is expected that the
overall leakage rate of the containment would be quite
low.

2.3. Ease for préssure test and leakage rate measurement

The volume of LTHR-200 containment is very small
It is only about 1% of the containment for a PWR.
‘This small volume makes the containment easy to be
pressurized and the inner pressure variation will be
more sensitive to leakage rate than a big containment
during an air pressure test and leakage rate inspection.
‘The test and measurement can be performed in a short
time, for instance within 10 hours. '

2.4. Without loss of primary coolant accident (LOCA)
and core melt down accident during break accidents of
primary circuit pressure boundary

The air pressure inside the containment is 1 bar in
normal condition. Because of the small volume, if the
most serious acciduet should happens, a break occurs

_ on the bottom of the reactor vessel, primary coolant

will gush from the reactor vessel into the containment.
In this case, accident analysis shows that the amount of
primary coolant out of the reactor vessel will get to a
‘maximum. But the level of primary coolant inside reac-
tor vessel will be at least 1500 mm over the reactor
corc during the accident. In fact, if the air space in the
containment were fully filled with primary coolant, the
level will still be 500 mm higher than the reactor core.

2.5. Advantageous to leakage monitoring of primary
coolant and to break monitoring of primary pressure
boundary

Primary coolant leakage monitoring and primary
pressure boundary break monitoring of a PWR are
difficult or not sensitive by the methods of water level
measurement in the reactor vessel, and pressure meas-
urement and temperature measurement of the contain-
ment air. But the monitoring of LTHR-20G is much
easier and more sensitive. The air space of LTHR-200
containment is so small that if one kg primary coolant
leaks into the containment, the air pressure will rise in
0.01 bar only. Pressure monitoring of the containment
air will give an obvious indication for the pressure
variation. By means of the pressure moritoring of the
containment air, the break accident of primary pres-
sure boundary can be judged and the leakage rate of

“the primary coolant into the containment can be esti-

mated.
2.6. Simplifying in-service inspection of the reactor vessel

The break of the primary pressure boundary of a
PWR and a BWR will probably cause a LOCA and a
core melt down accident. Especially if a break of the
reactor vessel happens, the accident of core melt down
would be unavoidable. That is not aliowed. To avoid a
break of the reactor vessel, an ultrasonic test is re-
quired during in-service inspection. LTHR-200 is dis-
tinguished from a PWR and a BWR in view of a break
accident of the reactor vessel and the consequences.
No LOCA and no core melt down accidents would be
caused by the break of the reactor vessel. In addition,
the integral flux of fast neutrons in the core belt of the
reactor vessel is only about 1X 10 n/cm? much
lower than in case of a PWR and a BWR wvessel
Operating conditions are advantageous. The break
probability of the reactor vessel is very low. Based on
the facts mentioned above, simplifying in-service in-
spection for the vessel is reasonable, An ultrasonic test
would not be necessary any more.
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3, Description of the design of the containment struc-
ture .

Figure 2 shows the LTHR-200 containment struc-
turc. The bottom of the containment is a big closure
head, The closure head is bolted onto the cylindrical
containment shell. The upper part of the shell is ex-
panded with a diameter of 7000 mm. All containment
penctrations are arranged in the upper part for case of
instaflation, inspection and maintenance. The lower
part of the shell is reduced to a diameter of 5840 mm.
A cone-type transition part is in the middle of the
shell. Six containment support brackets and six support
stands for the reactor vessel are welded to the transi-
tion part. .

The main parameters of the containment are as
follows:

Material 16MnHR (or SA516),
Height 15213 mm,

Quter diameter 7360 mm,

Weight 210 ton,

Design pressure 15 bar,

Design temperature  200°C.

Weld joints between penctrations and containment
wall are adopted as far as possible. Rubber seal rings
are used for sealing between flanges, including the seal
between closure head flange and upper end of the
containment shell. -

The stress analysis method is used in the design of
main parts of the containment. Design, material stlec-
tion, fabrication and examination have met the re-
quirements for metallic containment in accordance with
ASME BPV-III-I-MC. The structural integrity of the
containment is ensured in full life and in all credible
operating conditions.
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